On the spheroidal graphite growth and the austenite solidification in ductile irons by Qing, Jingjing
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
Spring 2016 
On the spheroidal graphite growth and the austenite solidification 
in ductile irons 
Jingjing Qing 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Materials Science and Engineering Commons 
Department: Materials Science and Engineering 
Recommended Citation 
Qing, Jingjing, "On the spheroidal graphite growth and the austenite solidification in ductile irons" (2016). 
Doctoral Dissertations. 2489. 
https://scholarsmine.mst.edu/doctoral_dissertations/2489 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 





ON THE SPHEROIDAL GRAPHITE GROWTH AND THE AUSTENITE 
 














Presented to the Faculty of the Graduate School of the  
 
MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY 
 
In Partial Fulfillment of the Requirements for the Degree 
 
 
DOCTOR OF PHILOSOPHY 
in 






Von L. Richards, Advisor 
David C. Van Aken 
Simon N. Lekakh 
F. Scott Miller 
















































All Rights Reserved 
  
iii 
PUBLICATION DISSERTATION OPTION 
This dissertation has been prepared in the form of four manuscripts for 
publication.  Pages 16-39 have been published in the 2014 American Foundry Society 
Transactions.  Pages 40-70 will be submitted to the International Journal of Metal 
Casting.  Pages 71-89 and Pages 90-120 have been prepared in the style utilized by the 
Acta Materialia.  An Introduction and a literature review sections have been added in the 














Evolutions of austenite and nodular/spheroidal graphite particles during 
solidifications of ductile irons were experimentally investigated.  Spheroidal graphite 
particle and austenite dendrite were found nucleated independently in liquid.  Austenite 
dendrite engulfed the spheroidal graphite particles after contact and an austenite shell 
formed around a spheroidal graphite particle.  The graphite diameter at which the 
austenite shell closed around nodule was determined.  Statistically determined graphite 
size distributions indicated multiple graphite nucleation events during solidification.   
 Structures in a graphite nodule varied depending on the growth stages of the 
nodule in ductile iron.  Curved graphene layers appearing as faceted growth ledges swept 
circumferentially around the surface of a graphite nodule at early growth stages.  
Mismatches between the growth fronts created gaps which divided a nodule into radially 
oriented conical substructures (3-D).  Columnar substructure was observed in the 
periphery of a nodule (formed during the intermediate growth stages) on its 2-D cross 
section.  A columnar substructure consisted of parallel peripheral grains, with their c-axes 
approximately parallel.  Graphene layers continued building up in individual conical 
substructure, and a graphite nodule increased its size accordingly. 
Method for characterizing the crystal structures of graphite based on the selected 
area diffraction pattern was developed.  Both hexagonal structure and rhombohedral 
structure were found in the spheroidal graphite particles.  Possible crystallographic 
defects associated with hexagonal-rhombohedral structure transition were discussed.  
Schematic models for introducing tilt angles to the graphite lattice with basal plane tilt 




I am enormously grateful to my PhD advisor, Dr. Von L. Richards, for his 
outstanding knowledge, dedication, and guidance through my entire program of study.  It 
has been my greatest honor to work with a person with outstanding expertise on metal 
casting and foundry science, like my advisor.  I feel lucky to have him advising me on 
my research, because he contributed so many brilliant ideas to my study.  I am thankful to 
my advisor’s support, encouragement and patience.  I always appreciate my advisor’s 
encouragements which led me through the difficulties.  I also would like to gratefully 
thank Dr. Simon Lekakh for his efforts on training me to conduct foundry experiments.  I 
appreciate the help from Dr. Simon Lekakh on my experimental designs, and I would like 
to thank him for all the technical discussions throughout my PhD program.  I sincerely 
thank Dr. David Van Aken for his advices on my research and his dedication to editing 
my papers.  I would like to also thank the rest of my committee members, Dr. Scott 
Miller and Dr. Julia Medvedeva, for their excellent guidance throughout the course of my 
research. 
In addition, I would like to extend my gratitude to many colleagues who helped to 
bring this research projection to fruition: Marc Harris, Daniel Field, Seth Rummel, 
Terrell Webb, Jun Ge, Kramer Pursell, Joseph Kramer, and Jeremy Robinson. I would 
also like to acknowledge Dr. Jessica Terbush and Dr. Clarrisa Wisner for their time on 
SEM and TEM trainings. 
I sincerely thank the funding agencies: Wolf Professorship of Metal Casting and 
the MSE department at Missouri S&T.  
Finally, I must express my very profound gratitude to my husband, Dr. Mingzhi 
Xu, not only for his help with computational simulations, metal melting, sampler 
modifications, and thermal analysis, but also for providing me with continuous 
encouragement throughout my years of study and through the process of researching and 
writing this dissertation.  
  
vi 
TABLE OF CONTENTS 
Page 
PUBLICATION DISSERTATION OPTION ................................................................... iii 
ABSTRACT ....................................................................................................................... iv 
ACKNOWLEDGMENTS .................................................................................................. v 
LIST OF ILLUSTRATIONS ............................................................................................. ix 
LIST OF TABLES ............................................................................................................ xii 
SECTION 
1. INTRODUCTION .................................................................................................... 1 
2.  LITERATURE REVIEW ........................................................................................ 2 
2.1 THEORIES OF FLAKE GRAPHITE GROWTH ............................................ 2 
2.1.1. Crystallographic Structures of Flake Graphite. ...................................... 2 
2.1.2. Growth Mechanisms for Flake Graphite. ................................................ 2 
2.2 THEORIES OF SPHEROIDAL GRAPHITE GROWTH ................................ 3 
2.2.1. Crystallographic Structure of Spheroidal Graphite. ................................ 3 
2.2.2. Growth Mechanisms for Spheroidal Graphite. ....................................... 6 
2.3 AUSTENITE SOLIDIFICATION AND SPHEROIDAL GRAPHITE 
FORMATION ................................................................................................... 9 
2.4 EFFECTS OF NON-CARBON ELEMENTS ON GRAPHITE 
MORPHOLOGY ............................................................................................ 12 
2.5 EMPHASIS FOR THIS WORK ..................................................................... 15 
 
PAPER 
I. Examination of Nodular Graphite Formation and Austenite Solidification               
in Ductile Iron .......................................................................................................... 16 
Experimental Procedure ........................................................................................ 19 
Mold Design and Simulation Prediction. ........................................................ 19 
Quenching Experiments. ................................................................................. 20 
Metallography. ................................................................................................ 22 
Experimental Results and Discussions ................................................................. 24 
General Observations. ..................................................................................... 24 
Statistical Analyses. ........................................................................................ 24 
  
vii 
Conclusions ........................................................................................................... 35 
Acknowledgements ............................................................................................... 36 
References ............................................................................................................. 36 
II. Examination of Spheroidal Graphite Growth and Austenite Solidification in 
Ductile Iron ............................................................................................................. 39 
Abstract ................................................................................................................. 40 
Introduction ........................................................................................................... 40 
Experimental Procedure ........................................................................................ 43 
Mold Design and Simulation Predication. ...................................................... 43 
Quenching Experiments. ................................................................................. 44 
Metallography. ................................................................................................ 46 
Deep Etching. .................................................................................................. 47 
Results and Discussions ........................................................................................ 47 
Graphite Diameter for Austenite Engulfment. ................................................ 51 
Anisotropic Growth of Graphite Nodule and Carbon Redistribution. ............ 53 
Graphite Particle Size Distributions................................................................ 57 
Conclusions ........................................................................................................... 69 
Acknowledgements ............................................................................................... 70 
References ............................................................................................................. 70 
III. Structures of Spheroidal Graphite at Early and Intermediate Growth Stages          
in Ductile Irons: Part I. Quenching Experiments .................................................. 75 
ABSTRACT .......................................................................................................... 76 
1.  Introduction ...................................................................................................... 76 
2.  Experimental Procedure ................................................................................... 80 
2.1.  Melting and sampling ............................................................................. 80 
2.2.  Metallography and automated feature analyses ..................................... 81 
2.3.  Deep etching and HRSEM ...................................................................... 82 
3.  Experimental Results and Discussion .............................................................. 82 
4.  Summary .......................................................................................................... 90 
5.  References ........................................................................................................ 90 
IV. Structures of Spheroidal Graphite during Early and Intermediate Growth       
Stages in Ductile Irons: Part II. Curvature Accommodations and            
Hexagonal-Rhombohedral Structure Arrangements ............................................. 93 
ABSTRACT .......................................................................................................... 94 
  
viii 
1.  Crystallographic Structures of Graphite .......................................................... 94 
2.  Characterizing Selected Area Electron Diffraction Patterns of Graphite ........ 96 
3.  TEM Specimen Preparations ........................................................................... 99 
4.  TEM Results .................................................................................................. 100 
4.1.  Graphite structures at early growth stages .......................................... 100 
4.2.  Graphite structures at intermediate growth stages .............................. 103 
4.3.  2H structure and 3R structure arrangements ....................................... 107 
5. Discussions ..................................................................................................... 109 
  5.1.  Models of structure and curvature accommodations for            
spheroidal graphite ............................................................................... 109 
5.2.  2H structure and 3R structure in spheroidal graphite.......................... 110 
5.3.  Dislocations and partial dislocations in graphite ................................ 111 
5.4.  2H/3R structure transition .................................................................... 112 
5.4.1.  2H/3R structure transition by partial dislocations ........................ 112 
5.4.2.  2H/3R structure transition by prismatic loops ............................... 114 
5.4.3.  2H/3H structure transition by c-axis rotation faults ...................... 116 
5.4.4.  2H/3H structure transition by heterocyclic defects ....................... 117 
5.5.  Curvature accommodation by tilt boundaries and twining            
boundaries............................................................................................ 119 
6.  Conclusions .................................................................................................... 124 
7.  Acknowledgement ......................................................................................... 125 
8.  References ...................................................................................................... 126 
 
SECTION 
3.  CONCLUSIONS AND FUTURE WORK .......................................................... 129 
BIBLIOGRAPHY ........................................................................................................... 133 




LIST OF ILLUSTRATIONS 
Figure                Page 
2.1.  A schematic illustrating the flake graphite growth ..................................................... 4 
2.2.  Sulfur atoms attached on the zigzag prismatic edge ................................................... 4 
2.3.  A schematic of the internal structure for a spheroidal graphite particle ..................... 6 
2.4.  Schematic models for circumferential growth of curved graphene layers ................. 7 
 
PAPER I 
1.  A spherical shell mold ................................................................................................. 20 
2.  Geometries of a spherical mold and a tubular mold .................................................... 21 
3.  The primary phase for the studied ductile iron is the graphite phase .......................... 23 
4.  Measured cooling curves of the sequentially quenched ductile irons .......................... 23 
5.  As-polished microstructures and etched microstructures ............................................ 26 
6.  Size distributions of graphite particles in ductile iron ................................................. 28 
7.  Distributions of graphite particle area percent for ductile iron .................................... 29 
8.  Average graphite diameter measured over 2500 particles per specimen ..................... 30 
9.  Independent formation of graphite and austenite ......................................................... 32 
10.  One graphite nodule was just encapsulated by austenite ........................................... 32 
11.  The size distribution of graphite particles .................................................................. 33 
12.  Small graphite particles during early solidification stages ........................................ 34 
13.  Aspect ratio and size distribution  of graphite particles ............................................. 34 
 
PAPER II 
1.  A tubular quartz mold used for the quenching experiment .......................................... 43 
2.  Geometry of a tubular mold ......................................................................................... 44 
3.  The primary phase during solidification is graphite for the ductile iron studied ......... 45 
4.  Cooling curves of sequentially quenched samples using tubular molds...................... 45 
5.  As-polished microstructures and etched microstructures ............................................ 48 
6.  Graphite particles trapped between dendrite arms ....................................................... 51 
7.  Multiple graphite nodules were engulfed by a single austenite dendrite ..................... 52 
8.   Aspect ratio  and size distribution of graphite particles .............................................. 53 
  
x 
9.  Graphite particles with incomplete austenite shells ..................................................... 53 
10.  Schematic diagram of the carbon concentrations at various interfaces ..................... 55 
11. Carbon concentration profile near an austenite-liquid interface ................................. 56 
12.  Graphite nodule size distributions in ductile iron ...................................................... 59 
13.  Area fraction, average graphite diameter and nodule count ...................................... 61 
14.  Liquid fraction continuously decreased until the end of solidification...................... 62 
15.  Austenite shell thickness increased concurrently with graphite diameter ................. 64 
16.  Secondary electron microscopy images of graphite particles .................................... 67 
17.  A magnified image of the region outlined by the dotted box in Figure 16(f) ............ 68 
18.  A conical substructure protruding longer .................................................................. 68 
 
PAPER III 
1.  Dark field optical microscopic image of a spheroidal graphite particle ...................... 79 
2.  Schematic of the spheroidal graphite structure ............................................................ 79 
3.  A tubular quartz mold and A spherical shell mold ...................................................... 81 
4.  As-polished microstructures of quenched ductile irons ............................................... 84 
5.  Graphite particle size distributions determined on the quenched specimens .............. 85 
6.  Faceted growth ledges/steps on the surfaces of the spheroidal graphite particles ....... 86 
7.  Faceted growth ledges/steps on the surfaces of the spheroidal graphite particles ....... 87 
8.  Parallel growth steps on the surface of a spheroidal graphite particle ......................... 88 
9.  Ridge like patterns on the surface of a spheroidal graphite particle ............................ 89 
10.  A graphite nodule with multiple protruded conical substructures ............................. 89 
 
PAPER IV 
1.  Schematics for atom arrangements in the 2H graphite and in the 3R graphite ............ 95 
2.  Simulated SAD patterns along the <10͞10> zone axes ................................................. 97 
3.  Simulated SAD patterns along the <͞12͞10> zone axes ................................................. 98 
4. Schematics of the <10͞1l > prismatic planes ................................................................. 98 
5.  Secondary electron image of a three-micron diameter spheroidal graphite particle . 100 
6.  Bright field image of the specimen prepared from a spheroidal graphite particle ..... 101 
7.  High resolution image of the graphite lattice ............................................................. 102 
8.  High resolution images of the graphite lattice ........................................................... 102 
9.  Bright field TEM images of the specimen from spherical sample ............................ 104 
  
xi 
10.  Dark field image of the graphite particle from spherical sample ............................. 104 
11.  SAD patterns (insets) collected in the peripheral grains in a single columnar 
substructure .............................................................................................................. 105 
12.  High resolution image of the graphite in a peripheral grain .................................... 105 
13.  SAD patterns (insets) obtained in a peripheral grain ............................................... 106 
14.  Tilted basal planes across a boundary between two columnar substructures .......... 107 
15.  Basal plane tilt angle between two peripheral grains from the adjacent columnar 
substructures ............................................................................................................. 108 
16.  Schematic for the graphite lattice with a total dislocation ....................................... 112 
17.  Partial dislocations and total dislocations in graphite .............................................. 113 
18.  Schematics for an interstitial prismatic loop in the graphite lattice ......................... 115 
19.  Stacking faults in the graphite lattice ....................................................................... 116 
20.  Schematics for several possible c-axis rotation faults in graphite ........................... 117 
21.  c-axis rotation faults induced different local stacking sequence ............................. 118 




LIST OF TABLES 
Table                 Page 
PAPER I 
1.  Chemical compositions (wt.%) of the iron alloys used in two heats ........................... 22 
 
PAPER II 
1.  Chemical composition (wt.%) of ductile iron alloy studied ........................................ 45 
 
PAPER III 
1.  Chemical compositions (wt.%) of the iron alloys ........................................................ 81 
 
PAPER IV 








Cast iron is an engineering material with wide range of applications, which is 
basically an iron (Fe)-carbon (C)-silicon (Si) alloy.  A graphitic cast iron typically has a 
nearly eutectic composition which is high on carbon content and silicon content in order 
to form a stable graphite phase [1-2].   In a graphitic cast iron alloy, part of the carbon is 
in the form of graphite phase.  The graphite phase in the cast irons may exhibit several 
different morphologies including spheroidal/nodular, vermicular, and flake, depending on 
the cooling condition and the composition of the alloy [1-6].   Besides the matrix phases, 
the morphology of graphite phase is another factor to affect the physical and mechanical 
properties of cast iron.  For example, the flake graphite cast iron (gray iron) has excellent 
thermal conductivity and superior damping capacity because of the interconnected flake 
graphite network, but it is brittle since the stress concentrates at the flake graphite thus 
cracks are easily initiated and propagated along the graphite/matrix interface; the nodular 
graphite cast iron (ductile iron) has superior ductility and toughness than other cast irons 
benefited from the individual spherical graphite particles working as “crack-arrester”.  
Therefore, it is crucial to control the graphite morphology in the cast irons in order to 
achieve the desired properties [1-2].    
The graphite morphology in cast irons is affected by several factors including the 
alloy composition, the cooling rate and the austenite solidification.  In the production of 
cast iron, the graphite morphology is typically controlled by adjusting the level of 
specific minor elements.  It has been previously proposed that the stable morphology in a 
cast iron free on sulfur and oxygen impurity is spherical [7], but experiments on high-
purity cast irons showed that coral shaped was the stable morphology [8-10].   An 
elevated level of sulfur/oxygen in cast irons changes the graphite morphology from a 
spherical to a compacted shape and then to a flake, while an elevated magnesium or 
cerium content changes a flake shape to a compacted shape, and to a spherical shape [3-
6].   An elevated cooling rate has been proved to promote the formation of spheroidal 
graphite [11-16].   There are studies claiming that the graphite morphology is related to 
austenite solidification relative to graphite phase, because the austenite-graphite eutectic 
structure varies depending on the graphite morphology [17-23]. 
  
2 
2.  LITERATURE REVIEW 
Researchers have been exploring the mechanisms for formations of different 
graphite morphologies during the solidifications of cast irons since the invention of cast 
irons, and many theories have been proposed based on empirical observations and 
general understanding of the solidification process [7, 24-28].  However, the depth of our 
understanding has been improved significantly due to the application of extremely high 
resolution characterization techniques and novel atomic level computational modeling 
methods [29-31].  Especially the transmission electron microscopy diffraction studies 
have offered ways to understand the crystal structure of graphite precipitated in the 
metallic matrix [29-30, 32-34].    
 
 
2.1 THEORIES OF FLAKE GRAPHITE GROWTH 
2.1.1. Crystallographic Structures of Flake Graphite.  The structure of a 
graphite flake in various alloys has been well studied using the transmission electron 
microscopy [32-33, 35].  The flake graphite particles extracted from the iron alloys and 
the nickel-carbon (Ni-C) alloys have been extensively studied. A flake graphite particle is 
normally so thin that it is transparent to the electron beam in its thickness direction [32-
35].  Previous studies have revealed that a graphite flake is bounded by the metallic 
matrix along the basal planes at its broad faces and the graphite flake preferentially grows 
along the prismatic directions [32-33].  Certain types of crystallographic defects have 
been characterized in the flake graphite from the iron alloys and the nickel alloys: c-axis 
rotation faults [32-33, 35] and twining events [32-33].   
2.1.2. Growth Mechanisms for Flake Graphite.  The growth mechanism for 
flake graphite is the simplest among the three commonly observed graphite morphologies 
(flake, compacted and spheroidal).  It is widely accepted that the flake graphite extends 
by the lateral movement of steps on the prismatic planes and thickens by adding more 
layers to the basal planes, as schematically illustrated in Figure 2.1 [15, 32-33].  A 
graphite flake can form branches of variant crystallographic orientations with the c-axis 
rotation faults [32-33, 35], and the flake graphite can be bent away from the original 
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basal plane by the twinning defects [32-33].  Both the rotation faults and the twinning 
defects in a flake graphite particle have been well studied using the TEM.  
In 1964, Johnson and Smartt [36] observed that the sulfur atoms and the oxygen 
atoms were adsorbed on the graphite surfaces (in the iron matrix, not within the graphite) 
for a flake graphite iron using a scanning Auger microscopy (SAM).  They proposed that 
the impurity atoms adsorbed on the graphite growth ledges (prismatic sites) would poison 
these sites, leading to a slower propagation rate for the basal plane growth defects; as a 
result the graphite/matrix interface was stabilized [36].  However, in 1996, Park and 
Verhoeven [35] used scanning Auger microscopy to reveal that a monolayer of sulfur 
atoms were adsorbed both on the graphite growth front (apparently actual prismatic sites) 
and on the broad faces (basal sites) of the graphite flakes, but oxygen only segregated on 
the graphite growth steps (not a growth front, but prismatic sites) in the form of iron 
oxide.  Double proposed that the divalent sulfur and oxygen atoms would attach on the 
graphite prismatic planes, as a result, the carbon hexagonal rings were closed and the 
graphite growth along the prismatic direction was retarded (not inhibited) [28].  Based on 
computational modeling of the bond energies of natural graphite, Adjizian, Latham, 
Öberg, Briddon and Heggie [37] claimed that the energetically preferential sites for sulfur 
atoms relative to the graphite lattice were at the graphite zigzag prismatic edge, and 
addition of sulfur atoms on a zigzag edge could open the joints of the folded graphene 
layers and further extend the flake graphite.  This phenomenon may also be true for the 
flake graphite particles grown in the metallic solutions.  When sufficient sulfur atoms are 
present in the metal, the interconnected bonds between adjacent graphene layers may be 
able to be opened up by the sulfur atoms bonded to the zigzag prismatic edge of the 
graphene layers and this can further extend the graphite, as illustrated in Figure 2.2.  The 
interconnections of graphene layers can be verified using an atomic level technique, 
scanning tunneling microscopy (STM). 
 
 
2.2 THEORIES OF SPHEROIDAL GRAPHITE GROWTH 
2.2.1. Crystallographic Structure of Spheroidal Graphite.  Very limited TEM 
studies have been conducted to understand the crystallographic structure of a spheroidal 
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graphite particle due to the difficulties associated with the TEM specimen preparation.  It 
has been previously proven that the spheroidal graphite particle was bounded with the 
matrix by the basal planes around the surface of a spheroid, with their c-axes 
approximately parallel to the radial directions [29-30, 34, 38-41].  The net growth 
direction of a spheroidal graphite particle was along the normal directions (-c- directions) 
of the basal planes.  Growth steps/ledges were sometime observed on the surface of a 
spheroidal graphite, indicating that the graphite growth proceeded by growing along the 
prismatic directions.  Some studies claimed that the basal planes in a spheroidal graphite 
particle grew around screw dislocations, thus the apparent growth direction became along 
the -c- direction [25, 42-43].  It is generally accepted that the crystallographic defects 





Figure 2.1.  A schematic illustrating the flake graphite growth [15]   
 
 
                       
(a)                                                        (b) 
                          
(c)                                                       (d) 
Figure 2.2.  Sulfur atoms attached on the zigzag prismatic edge of two interconnected 
graphene layers opens up the joints between two layers (a)-(b).  The zigzag sites without 
sulfur attachement are connected.  Sulfur atom attachment on the prismatic edge 
eventually removes the connections between two layers, which allows further growth 
along the prismatic directions (c)-(d).  (a) and (c) are the zigzag (along <10͞10> direction) 
views.  (b) and(d) are the arm-chair (along <11͞20> direction) views.  The green circles 
represent carbon atoms and the yellow circles represent sulfur atoms.  Sizes of the circles 
do not represent actual atom sizes [37]  
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The internal structure of a spheroidal graphite was observed to be quite complex 
with some sub-structures.  An early theory by Double and Hellowell [25] says that the 
spheroidal graphite particle consists of radially oriented cone-helix sub-structures, based 
on the empirical observations.  Figure 2.3 is a schematic model after Double and 
Hellowell’s theory [25].  In the study conducted by Miao et al. [29-30], the internal 
structure of a spheroidal graphite particle (nodular graphite) in a ductile iron was 
examined using the TEM.  According to their observation, a graphite nodule could be 
divided as many radially distributed conical helix structures.  The c-axes between two 




 angle.  Each conical 
helix structure was made of parallel platelets (~0.1 μm in thickness) of ABC-
rhombohedral (3R) structure, and the c-axes of the platelets were approximately parallel 
to the radial direction but twisted for two degrees over a one-micron length along the 
radial direction.  Randomly orientated interplatelets of AB-hexagonal (2H) structure were 
observed inside the ABC-rhombohedral skeleton in their study [29-30].  Kiani-Rashid 
and Rounaghi also reported the similar platelet and interplatelet features in a spheroidal 
graphite specimen from a ductile iron when examined using the TEM, but there was no 
detailed crystallographic information about the graphite in their study [46].  It should be 
noted that the TEM specimens in both Miao et al.’s study [29-30] and Kiani-Rashid and 
Rounaghi’s study [46] were mechanically thinned prior to the ion thinning. Bondings 
((bonding energy is 7 kJ/mole) between graphite basal planes are weak which makes the 
layers easy to separate and shear, and even the crystal structure of graphite can be 
modified.  Therefore, there is a possibility that the graphite structures in Miao et al.’s 
study [29-30] and Kiani-Rashid and Rounaghi’s study [46] have been modified due to the 
mechanical thinning.  
In comparison, when the thin foil specimens of spheroidal graphite particles were 
removed from the as-cast ductile iron and the heat-treated ductile iron by the Focused Ion 
Beam (FIB) milling, the platelet and interplatelet features were not observed in either 
specimen, based on Monchoux, Verdu, Thollet, Fougères and Reynaud’s TEM work [44].   
Moreover, they found that the radial defects/boundaries and the peripheral twist 
boundaries divided a cone-helix structure (10 μm wide) into even smaller crystallite 
grains (one micron thick and 2-4 μm wide).  The radial boundaries in their study were 
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mainly low angle boundaries.  Basal plane tilt about the <11͞20> axes for 11 degrees were 
observed across these low angle boundaries, and a coherent twin boundary (the tilt angle 
is measured to be ~40
o
) was also shown in their study.  By analyzing the SAD patterns in 
Monchoux et al.’s study, the structure for the heat treated graphite nodule is mainly the 
2H structure.  However, they made a mistake on characterizing the SAD pattern: an SAD 




Figure 2.3.  A schematic of the internal structure for a spheroidal graphite particle, based 
on the cone-helix model [25]   
 
 
2.2.2. Growth Mechanisms for Spheroidal Graphite.  Many theories of 
graphite nodule formation in the metallic solutions have been proposed based on 
empirical observations and general understanding of the solidification process [7, 24-27, 
38-39].  Three well-known models of spheroidal graphite growth include (i) 
circumferential growth of curved graphene layers around the nodule surface [7], and (ii) 
spiral growth of graphene layers as individual helix-cones in a graphite nodule [25], and 
(iii) spiral growth of graphene layers as individual pyramidal cones in a nodule [24], as 
illustrated in Figure 2.4.  Staged spheroidal graphite growth models that divided the 
growth into multiple stages following different mechanisms were also reported for the 
ductile iron [24, 38] and the Ni-C alloy [15-16].  However, there is no agreement on the 
growth mechanism for spheroidal graphite, thus meriting further investigation. 
Some researchers think that spheroidal graphite formation and growth are driven 
by the interfacial energy between the graphite and the matrix [47-50].  The interfacial 
energy between graphite and liquid metal is affected by the additive and impurity  
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(a)    (b)    (c) 
Figure 2.4.  Schematic models for circumferential growth of curved graphene layers 
around the surface of a graphite nodule (a) [7], and spiral growth of graphene layers as 
individual helix-cones in a graphite nodule (b) [25], and (c) spiral growth of graphene 
layers as individual pyramidal cones in a nodule [24] 
 
 
elements.  Elimination of surface-active species (sulfur and oxygen) increases the 
interfacial energy between graphite and the liquid metal.  The increased interfacial energy 
favors a spheroidal morphology with a higher volume to surface ratio, rather than flake 
morphology [47]. 
 
Many studies have been conducted to determine the liquid 
metal/graphite interfacial energy (γG/L) using the sessile drop experiments.  Selcuk [48] 
found that the liquid iron/graphite interfacial energy decreased as the magnesium/cerium 
content in the ductile iron decreased, when the metal was held for longer time.  Selcuk 
[48] also measured increased γG/L values as the sulfur content in the cast iron decreased 
while holding the untreated sulfur-containing metal in a vacuum furnace.  Jung, Ishikawa 
and Nakae [49] reported a change of γG/L from 2620 ergs/cm
2
 to 1480 erg/cm
2
 at elevated 
sulfur contents from one ppm to 120 ppm.  In their study [49], a critical γG/L value (2520 
ergs/cm
2
) for spheroidal to flake graphite transition was determined for a cast iron 
containing 11 ppm sulfur.  McSwain and Bates [50]
 
compared the interfacial energies 
between liquid iron and different graphite faces (basal and prismatic).  For a magnesium 
treated cast iron, the interfacial energy between liquid metal and the graphite basal plane 
(γGb/L) was lower (1459.7 ergs/cm
2
) than that between liquid metal and the prismatic 
plane (γGp/L) (1720.7 ergs/cm
2
).  As a comparison, the γGb/L value was measured to be 
higher (1269.8 ergs/cm
2
) than γGp/L (845.5 ergs/cm
2
) for a sulfur treated cast iron.  It is 
well known that sulfur and oxygen are surface active elements for iron, which lower the 
surface energy of iron [51].  Based on McSwain and Bates’s results [50], the prismatic 
planes have a higher interfacial energy with liquid iron than γGb/L, and sulfur significantly 
  
8 
decreases γGp/L, as a result, γGp/L becomes even lower than γGb/L.  Therefore, the graphite 
growth propagates along the normal directions of the low energy prismatic planes (flake 
graphite) in a cast iron containing S and O.  On the contrary, carbon atoms will prefer to 
cover the graphite basal plane in the absence of S or O, or when they were scavenged by 
Mg or Ce.  In this case, a spheroidal shape grows along the normal directions of the low 
energy basal planes.  
It is generally thought that the interfaces between graphite and the metallic matrix 
are faceted.  Subramanian, Kay and Purdy [52] claimed that the growth fronts for the 
flake graphite, the compacted shape graphite and the spheroidal graphite were all faceted.  
They [52] mentioned that the non-faceted graphite growth was possible at a high driving 
energy, but it would lead to a dendritically shaped graphite particle.  Roviglione and 
Hermida [53] reported the nonfaceted nature of flake graphite growth front (prismatic 
planes) in an iron alloy.  Flake graphite particles with non-faceted prismatic growth fronts 
have been reported for both the iron alloy [6] and the nickel alloy [16].  Some studies 
correlated the different graphite morphologies to whether the interfaces between the 
matrix and different graphite faces were faceted or nonfaceted.  Hrusovsky and Wallace 
[54] mentioned that a nonfaceted to faceted transition occurred for the prismatic plane as 
the graphite morphology changed from a flake to a spheroidal.  They [54] also claimed 
that both the basal plane and the prismatic plane were faceted for the spheroidal graphite 
in the magnesium treated ductile iron.  Based on Shaahin, Reza and Haamun’s studies 
[15-16], both the basal plane and the prismatic plane of graphite were faceted at a low 
driving force (slow cooling rate).  An intermediate driving force caused roughening of the 
prismatic plane, due to more dangling bonds on the prismatic plane.  Thus the prismatic 
plane became non-faceted with the basal plane growth remaining faceted.  As a result, the 
prismatic growth was faster than the basal plane growth, leading to formation of flake 
graphite.  Further increase on the driving force caused the basal plane to be non-faceted 
as well.  The formation of spheroidal graphite under a high driving energy (fast cooling 
rate) was attributed to the non-faceted growths of both the basal plane and the prismatic 
plane which had the similar growth rates [15-16].  However, the conclusions by Shaahin 
et al. may not be true for the magnesium treated or sulfur containing iron/nickel alloys, 
because they did not introduce any magnesium or sulfur additives in the Ni-C alloy.  
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More theories on the spheroidal graphite growth will be introduced in the 
following section.  
 
 
2.3 AUSTENITE SOLIDIFICATION AND SPHEROIDAL GRAPHITE 
FORMATION 
Extensive research has shown that the solidification of a ductile iron is 
dramatically different from the solidification of a gray iron.  Introducing magnesium to 
the metal not only changes the morphology of graphite phase but also the solidification 
process, increasing the complexity of solidification for iron alloys.  Gray irons with flake 
graphite experience irregular eutectic growth, during which graphite and austenite exhibit 
competitive growth at the solid-liquid interface [17-20, 55-58].  In a compacted 
(commonly known as a shape with the intermediate structure between flake and 
spheroidal) graphite iron, the austenite was a leading phase but the austenite shell 
enveloping the graphite was incomplete with the presence of liquid channels connected to 
the graphite [21-22, 59-62].  Solidification of ductile iron shows a divorced eutectic 
growth of graphite and austenite, and the engulfing austenite isolates the graphite nodules 
from liquid after the independent formation of austenite dendrites and graphite nodules in 
the liquid [23].  Therefore, the growth of austenite relative to the graphite phase is related 
to the formation of different graphite morphologies.  
Formation of graphite phase in a cast iron alloy can be divided as two processes: 
nucleation and growth.  Regarding the nucleation of graphite nodules, some old theories 
postulated that nodular graphite nucleated on a solid phase like carbide or supersaturated 
austenite [63-64].  There are also many studies supporting that the nodular graphite 
originates from the liquid phase [23, 65-68].  For example, Hecht and Margerie [67] 
presented a small graphite nodule formed in liquid phase.  Fredriksson, Stjerndahl, and 
Tinoco [65] showed few graphite nodules growing in the liquid phase independently from 
the austenite dendrite for a nickel alloyed ductile iron.  Many studies have proven that a 
graphite nodule is nucleated on a heterogeneous nucleus in the liquid.  Skaland, Grong 
and Grong [69] showed the complex structure of the nucleus in graphite nodule, which 
was made of a sulfide (e.g. MgS or CaS) core surrounded by oxide (MgO·SiO2). They 
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proposed that graphite grew epitaxially on the oxide.  Nitride (e.g. AlMg2.5Si2.5 N6) as the 
nuclei of spheroidal graphite particles was also experimentally observed [70].   
As the austenite and a graphite nodule come into contact, the nodule will be 
encapsulated by austenite, which has been extensively reported [71-74].  For example, 
Scheil and Hutter [66] found that the graphite nodules were formed in liquid and they 
were later enveloped by austenite in ductile iron.  Lux, Mollard and Minkoff [68] also 
claimed that the graphite nodules originated from liquid, and the austenite encapsulated 
around the primary graphite nodules in cast iron.  The solidification process involving the 
austenite engulfing the nodular graphite was called the nodule entrapment model or the 
nodule encapsulation model [71-74].  This study will offer further evidence of the 
austenite engulfment process.  
 The growth of graphite in liquid was generally thought to be limited (size wise) 
due to the non-equilibrium growth conditions [23, 68].  In the work by Lux et al. [68], it 
was suggested that only the graphite nodules larger than certain size (approximately ten 
microns) would have an austenite shell around it.  The austenite shell around the graphite 
nodule closes at a critical moment, isolating the graphite nodule from liquid.  Graphite 
particle size at this critical moment will be statistically evaluated in the quenched ductile 
irons in this study.  
Encapsulation/engulfment is usually seen in eutectic systems having one or both 
phases growing as faceted crystals [68].  As several studies [52-53, 17, 68] stated, iron 
forms non-faceted austenite dendrites, while carbon forms faceted graphite crystals.  This 
difference leads to an asymmetric eutectic growth zone for gray iron that is skewed 
towards the graphitic phase in the Fe-C phase diagram below the equilibrium 
temperature.  In a hypereutectic ductile iron, encapsulation occurs around the primary 
graphitic nodule.  It should be noted that the comparable formation zone for the model of 
nodular graphite growth with austenite encapsulation extends into the eutectic zone for 
gray iron [68].  Lux, Mollard and Minkoff [68] attributed the austenite encapsulation to 
the difference in the growth rates between the austenite and nodular graphite, without 
coupled growth of the two phases at the solid-liquid interface.  Minkoff and Lux [27] 
suggested that the graphite growth and the austenite growth would follow different 
growth rate laws: (1) the (0001) planes of graphite would follow a parabolic growth law; 
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(2) the (10͞10) planes of graphite would follow an exponential growth law; (3) while 
austenite would follow a parabolic growth law.  It should be noted that carbon atom 
accretion actually occurs on prismatic ledges whether the net growth appears as a 
prismatic direction or a basal plane direction.  The cooling rate would influence the 
growth kinetics for graphite.  Based on Minkoff and Lux’s discussion [27], the austenite 
growth is faster the graphite basal plane growth at any undercooling in a ductile iron.  
Moreover, graphite prismatic plane growth was the fastest at a small undercooling in the 
magnesium treated cast iron, while net basal plane growth started to dominate at higher 
undercooling (but still slower than prismatic plane growth).  Defects and non-carbon 
elements could also influence the growth kinetics for graphite.  For example, presence of 
c-axis rotation faults could accelerate the growth of prismatic planes.  Sulfur could 
promote prismatic growth by improving the kinetics at smaller undercooling.  However, 
the prismatic growth would be inhibited by magnesium.  , The basal plane growth was 
dominant in the presence of magnesium, and it followed a spiral growth mechanism.  
According to Lux, Mollard and Minkoff [27], the non-faceted austenite dendrite could 
propagate easily without too much constraint on the crystallographic orientations, thus it 
grew quickly to significant size in a short time.  However, faceted graphite needed to 
grow along preferred crystallographic directions, thus its growth was relatively slow. 
 
A eutectic cell in ductile iron consists of spheroidal graphite particles and 
surrounding austenite shells attached to an austenite dendrite [74-75].  A eutectic cell of 
ductile iron may include several spheroidal graphite particles [74].  Multiple graphite 
nodules enveloped by a single eutectic cell in ductile iron were shown in a model by 
Ruxanda, Beltran-Sanchez, Massone and Stefanescu [76], which was called the multi-
nodular eutectic grain model.  A sample preparation process in which the ductile iron 
experienced direct austempering heat treatment after solidification revealed over ten 
spheroidal graphite particles in a single austenite dendrite [77].   
Formation of graphite phase with variant morphologies also occurs in many other 
metal-carbon systems during their solidification [11-13, 64, 78-79].  A nickel (Ni)-carbon 
(C) alloy with a graphite phase shows many similarities to a graphitic Fe-C alloy (cast 
iron): the graphite morphology varies from flake, compacted, to spheroidal for both 
alloys; the graphite morphology changes from a spheroidal to a flake by introducing 
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sulfur/oxygen for both alloys; and spheroidal graphite is obtained by either adding 
magnesium (Mg) /cerium (Ce) or increasing the cooling rate for both alloys.  Nickel has a 
similar electron structure with iron, and both the iron (at wt. % C >0.5 %) and the nickel 
have a primary face centered cubic (FCC) crystal structure during solidification.  
However, the Ni-C alloy does not have the eutectoid reaction which occurs in the Fe-C 
system; thus, Ni-C simplifies the metallographic and electron microscopic study.  A Ni-C 
alloy has been used previously as a model material for Fe-C alloy, and nickel was often 
alloyed in the Fe-C alloy to stabilize the austenite in the study of austenite growth in cast 
irons [12-16].  Excess of magnesium was added in a Ni-Fe-C alloy in order to form Ni-
Fe-Mg intermetallic in the interdendritic regions [80], which proved the multi-nodular 
eutectic cell model.  In the iron system, the remnant liquid (usually transformed to 
ledeburite) could be easily differentiated from the austenite (usually transformed to 
pearlite or martensite depending on the solid state cooling rate) after chemical etching.  
However, it is hard to differentiate the remnant liquid in the Ni-C alloy from the original 
solid austenite since the liquid also transforms to the austenite upon quenching.  The 
crystallographic orientation and the grain boundary distribution of the austenite grains in 
a quenched Ni-Fe-C alloy were examined using the electron backscattered diffraction 
(EBSD) and orientation image mapping (OIM) technique, which allowed identifying the 
relicts of quenched liquid phase in the Ni-C alloy [80].  The EBSD-OIM results clearly 
revealed the austenite engulfment process around the graphite nodules in the Ni-Fe-C 
alloy.  As the austenite engulfment process completed, a graphite nodule was normally 
surrounded by a single austenite grain in the unquenched specimen.  However, there 
could be multiple austenite grains next to a degenerated graphite particle in the 
unquenched structure, because the degenerate graphite particle was in contact with both 
liquid and austenite during solidification.  
 
 
2.4 EFFECTS OF NON-CARBON ELEMENTS ON GRAPHITE MORPHOLOGY 
The most common way to control the graphite morphology in cast iron is to adjust 
the level of minor impurities/ non-carbon elements [1-4].  It has been widely accepted 
that a high concentration of sulfur and oxygen will promote the formation of flake 
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graphite in cast irons [3].  It has been so well-established that the alkaline earth metals 
(e.g. magnesium and calcium) and the rare earth metals (e.g. cerium and lanthanum) can 
promote a spheroidal graphite morphology in cast irons [3].  An elevated concentration of 
spheroidizing elements like Mg or Ce can accomplish the morphology change from a 
flake to a compacted shape, then to a spheroidal [1].  The most commonly used element 
in the production of ductile iron with spheroidal graphite is magnesium.  However, the 
spheroidal graphite morphology will degenerate at the presence of antispheroidizing 
elements, such as titanium, arsenic, bismuth and tellurium [1-6].    
Studies have been conducted on investigating the potential sites for the non-
carbon atoms relative to the graphite lattice, in order to better understand how those 
spheroidizing elements and antispheroidizing elements influence the graphite 
morphology.  Segregation of sulfur and oxygen next to the flake graphite particle has 
been observed.  Free sulfur atoms have been experimentally determined to be segregated 
at the iron matrix next to the graphite basal faces, and free oxygen atoms were found 
adsorbed on the prismatic faces of the flake graphite in the iron matrix [35].  Sulfur and 
oxygen atoms were regarded to be able to form covalent bonds with the carbon atoms in 
the graphite lattice, thus they could affect the growth of graphite lattice.  Recent studies 
utilized modern computational calculation software to optimize the positions of the sulfur 
and oxygen atoms relative the graphite lattice [37, 81].  The calculations indicated that 
the prismatic growth of graphite lattice was promoted by attachment of sulfur atoms to 
the edge of folded graphene layers (see Fig. 2.2 [37]).  
As for the spheroidizing atoms, they are normally larger in sizes (compared to 
carbon atoms), and they will not form covalent bond with the graphite lattice.  
Magnesium observed in the ductile irons is mostly in the form of Mg-S-O compound 
either in the nuclei of a spheroidal graphite particle or in the iron matrix [29-30].  
Different theories exist regarding the roles that the spheroidizing elements played in 
graphite growth, and extensive studies have been conducted on looking for magnesium in 
ductile irons.  Some studies claimed that Mg and Ce would be preferentially adsorbed on 
a particular graphite plane either to promote or to retard the growth along certain 
crystallographic directions [43, 82-83].  The evidence came from the experimentally 
determined magnesium, cerium and calcium enrichment in the graphite nodules relative 
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to the surrounding matrix using the secondary ion mass spectrometry (SIMS) [84-86] and 
using the autoradiography [43, 82-83].  However, other studies simply regarded the 
spheroidizing atoms as the scavengers for sulfur and oxygen atoms.  It was proposed that 
spheroidizing elements like Mg or Ce removed/neutralized the antispheroidizing effects 
from sulfur and oxygen, so that the natural/stable graphite growth morphology (many 
studies take the spheroidal morphology as a stable morphology) was recovered.  An 
evidence for the “scavenger” theory was based on the observations using Auger electron 
spectroscopy (AES) [36]: no detectable magnesium enrichment was found next to the 
spheroidal graphite, but a higher concentration of sulfur and oxygen was characterized at 
the flake graphite/iron matrix interface.  However, Franklin and Stark [85-86] pointed out 
that AES had limitations on detecting magnesium as well as sulfur trapped in the graphite 
lattice.  Instead, Frank and Stark [85-86] used a SIMS system with excellent spatial and 
elemental resolutions and they found higher sulfur and oxygen enrichment at the 
graphite/iron interface for flake graphite than that for other shaped graphite, and they also 
detected uniformly distributed oxygen throughout the interior of the flake graphite.   
Crystallographic defects are generally thought to be another factor that can affect 
the graphite morphology in cast irons.  Defect formation in graphite is potentially 
associated with existence of minor amounts of non-carbon atoms (sulfur, oxygen, 
magnesium, and cerium) in cast irons.  There is a study [81] mentioning that the impurity 
atoms can change the carbon hexagonal ring to pentagonal or heptagonal ring in graphite 
lattice, which was considered as a potential mechanism to create curvature in the graphite 
basal plane.  Graphite basal plane spacing deviations from the standard value (0.335 nm 
for the natural graphite) have been reported [29-30, 81], which was regarded as an 
evidence for impurity atoms entrapment or entrapment of impurity containing compounds 
entrapment in the graphite lattice.  Another defect that is potentially associated the 
impurities is a twinning boundary in graphite.  Bleskov, Theuwissen, Connetable and 
Lacaze have deployed the Density Function Theory (DFT) calculations to study the 
influences of few impurity elements on the formation of twinning boundaries in the 
graphite [31].  They found that antimony and tin would ease the formation of twining 
boundary in graphite, and also smooth out the twining angle (makes the graphite flake to 
be more straight).  
  
15 
The exact mechanisms for the spheroidizing and antispheroidizing processes have 
not been fully understood.   
 
 
2.5 EMPHASIS FOR THIS WORK 
Although there is abundant literature on the solidification process of ductile irons 
and the growth of spheroidal graphite, the following processes were still not well 
understood: 
(1) The evolution of structures/phases during ductile iron solidification, especially during 
early solidification stages;  
(2) The structure evolution of a spheroidal graphite particle under different growth stages;  
(3) The curvature accommodation mechanism in the spheroidal graphite particle.  
It was considered that graphite started to take distinct morphologies after the early 
growth stages before which only small spheroidal graphite particles were present [59]. 
Therefore, understanding the structure of spheroidal graphite particle, especially during 
the early growth stages is an important task for studying graphite growth.  Quenching 
experiments were designed with the aim to capture austenite and spheroidal graphite 
particles at different solidification stages of ductile irons.  Advanced novel high 
resolution characterization techniques including HRSEM and HRTEM were deployed to 
assist the investigations of samples produced in the quenching experiments.  Statistical 
analyses on graphite particle growth were achieved with the help from the automated 
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Graphite growth at various stages in the ductile iron was captured by quenching 
experiments using spherical ceramic shell molds and tubular quartz molds with inserted 
thermocouples. Statistical analyses on the graphite size relative to the quenching 
sequence were performed with a scanning electron microscopy equipped with Automated 
Feature Analysis software. Graphite growth was evaluated at different growth stages. 
Time and temperature dependent nucleation of graphite were observed. Examination of 
the etched microstructures revealed independent formation of spheroidal graphite and 
austenite phases at the early stage of solidification, which is followed by the austenite 
engulfment around the graphite particles. Shape of the graphite nodule varied with the 
degree of austenite encapsulation. The graphite feature size associated with completion of 
the encapsulating austenite shell was experimentally determined. The experimental 




Extensive research has shown that the solidification of ductile iron is dramatically 
different from that of a gray iron. Introducing magnesium to the metal not only changes 
the morphology of graphite phase but also the solidification process, increasing the 
complexity of solidification for iron alloys. Gray irons with flake graphite experience 
irregular eutectic growth, during which graphite and austenite exhibit competitive growth 
at the solid-liquid interface [1-4].  Solidification of ductile iron shows divorced eutectic 
growth of graphite and austenite, and the engulfing austenite isolates the graphite nodule 
from liquid after the independent formation of the austenite phases and the graphite 
nodules [5]. 
Regarding the nucleation of the two eutectic phases, graphite and austenite, 
different opinions exist: Loper claimed that spheroidal graphite formed from liquid 
before austenite could form for hypoeutectic and hypereutectic ductile irons [6], 
Fredriksson [7] and Olen [8] stated that the austenite was firstly nucleated and the 
austenite nucleated nodular graphite, and Stefanescu described that the nodular graphite 
and the austenite nucleated at the same time [5]. Regarding the nucleation of graphite 
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nodules, old theories postulated that nodular graphite nucleated from a solid phase like 
iron carbide or supersaturated austenite. There are also many studies supporting that the 
nodular graphite originates from the liquid phase [9-12].  The growth of graphite in liquid 
was thought to be limited due to non-equilibrium conditions [12]. 
As the austenite and graphite come into contact, nodular graphite is encapsulated 
by austenite, which has been extensively reported. Scheil and Hutter found that nodular 
graphite was formed in the liquid and was later enveloped by austenite in ductile iron [9]. 
Hecht and Margerie presented a small graphite nodule surrounded only by liquid phase 
[10]. Biswal, Bandyopadhyay, and Stefanescu described the independent nucleation of 
spheroidal graphite and dendritic austenite, both from liquid phase for ductile iron [11]. 
Lux, Mollard and Minkoff [12] also claimed that the graphite nodules originated from 
liquid and austenite encapsulated around the primary spheroidal graphite in cast iron. The 
solidification process involving the austenite engulfing the nodular graphite was called 
the nodule entrapment/encapsulation model [13-16]. In the work by Lux et al. [12] it was 
demonstrated that only graphite larger than certain size (ten microns) would have an 
austenite shell around it. This paper will offer further evidence of the austenite 
engulfment process. At a critical moment, the austenite shell around the graphite closes, 
isolating the graphite from liquid. Graphite particle size at this critical moment will be re-
evaluated using the ductile iron studied here.  
Encapsulation/engulfment is usually seen in eutectic systems having one or both 
phases growing as faceted crystals [12]. As several studies [1, 12, 17-18]
 
stated, iron 
forms nonfaceted austenite dendrites, while carbon forms faceted graphite crystals. This 
difference leads to an asymmetric eutectic growth zone in the Fe-C phase diagram for 
gray iron. Normally the encapsulation occurs around the primary phase, which is the 
nodular graphite in the case of hypereutectic ductile iron. It should be noted that the 
comparable formation zone for the model of nodular graphite growth with austenite 
encapsulation extends into the eutectic zone for gray iron [12]. Lux, Mollard and Minkoff 
attributed the austenite encapsulation to the difference in the growth rates between the 
austenite and nodular graphite, without coupled growth of the two phases at the solid-
liquid interface. Minkoff and Lux [19] suggested that graphite growth and austenite 
growth would follow different growth rate laws: (1) the (0001) planes for graphite 
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followed a parabolic growth law; (2) the (10͞10) planes for graphite held an exponential 
growth law; (3) austenite followed a parabolic growth law. Based on their discussions, 
the austenite growth dominated at any undercooling in a ductile iron. According to Lux, 
Mollard and Minkoff [12], the nonfaceted austenite dendrite propagated easily without 
too much constraint on the crystallographic orientations, and it grew out quickly to 
significant size in a short time. However, the faceted graphite grew along preferred 
crystallographic directions and the growth was relatively slow. 
The objective of this study is to investigate the solidification process of a 
hypereutectic ductile iron, especially during the early solidification stages. To retain the 
structures at various growth stages, quenching experiments were conducted. Statistical 
image analyses were performed to determine the graphite feature size associated with 
completion of the encapsulating austenite shell. Automated statistical analyses of 
thousands of graphite particles were applied to evaluate the graphite growth at different 




Mold Design and Simulation Prediction.  Two different mold designs were 
adopted to sample and quench the iron alloys in this study. For the first design, ceramic 
shells were built around a 38 mm diameter ball to make a spherical mold. Two extensions 
were attached on the ball prior to the shelling, which formed two channels to serve as the 
metal inlet and the gas vent for the mold. Fig. 1(a) is a picture showing the design of the 
spherical mold. One thermocouple was installed in the center of the mold to monitor the 
cooling curves of the metal. A second, tubular mold made of 10 mm inner diameter 
quartz tube was designed to achieve a faster quenching response. Two holes were made 
on the side of the mold, which worked as the metal inlet and the gas vent, as shown in 
Fig. 1(b). One thermocouple was installed 60 mm from the end in the middle of tubular 
mold. All of the molds were attached to handles for easy handling during the quenching 
experiment.  
Solidification of ductile iron inside the two mold designs was modelled with 
computational simulation software prior to the quenching experiment. Quench times used 
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in the experiments were estimated based on the simulated cooling curves. Geometries 
used for the computational simulations and simulated cooling curves are shown in Fig. 2.   
 
  
       
(a)                                             (b) 




Quenching Experiments.  Iron alloys with similar compositions were studied in 
two experimental heats, Heat A and Heat B. Their compositions were measured with an 
arc spectrometer and a combustion analyzer for carbon and sulfur, as given by Table 1. 
The experimental alloys were hypereutectic alloys based on the Factsage calculation, see 
Fig. 3.  
In Heat A, The iron alloy was melted in a 200-lb induction furnace under argon 
protection. The charge materials included high purity induction iron (0.002% C, 0.006% 
S), pig iron (4.2% C, 0.17% Si, and 0.006% S), Fe75Si (75% Si) and graphite (99.9% 
purity). The liquid metal was tapped into a 200-lb ladle at 1520
o
C and treated with 
magnesium-ferrosilicon (46% Si, 4.3% Mg) and inoculant (73% Si, 4% Al, and 1% Ca). 
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(a)                                                (b) 
  
(c) 
Fig. 2.  Geometries of a spherical mold (a) and a tubular mold (b). Simulated cooling 
curves(c) using model (a) and (b)  
 
  
In Heat A, the spherical molds were preheated and immersed in the liquid metal at  
1380
o
C for sampling. Six molds were simultaneously immersed, filled and lifted out to 
minimize the inconsistency due to inoculant fade and nodulant fade. The lifting out time 
was used as the time zero. One mold was quenched at three seconds after sampling. The 
  
22 
other five molds were held inside five individual insulation nests made of corresponding 
to the solidus temperature) for the eutectic reaction was determined from the first 
derivative of the cooling curve for the unquenched sample. Part of the liquid metal for the 
three seconds sample was pushed out from the mold due to drastic quenching; therefore 
the thermocouple was measuring the temperature of air in the mold for a portion of the 
time. The cooling curve for the 181 seconds sample is not shown here, but it can be 
approximated to be in the middle of the cooling curves for 121 seconds and 241 seconds 
samples.  
The charge materials and melting procedure for Heat B were similar to those for 
Heat A. The tubular mold was adopted in Heat B for more rapid quenching response. The 
faster quenching response assured retention of small graphite nodules at earlier 
solidification stages. Two tubular molds were preheated and immersed simultaneously in 
the ladle for sampling. One sample was immediately quenched from liquid state, and 
another unquenched sample was kept in the insulation nest as a comparison. The 
experimental cooling curves for Heat B are shown in Fig. 4(b).  
 
 
Table 1.  Chemical compositions (wt.%) of the iron alloys used in two heats 
 Leco C Leco S Si Mn Al Mg 
Heat A 3.67 0.0043 2.4 0.3 0.02 0.047 
Heat B 3.72 0.0042 2.4 0.3 0.02 0.042 
 
 
Metallography.  Metallographic specimens were sectioned at the center (close to 
the tip of the thermocouple) of the spherical castings and at positions of 55 mm from the 
end of the tubular castings. All specimens were ground and polished using standard 
metallographic procedures. The as-polished microstructures were examined by optical 
microscopy, and using a scanning electron microscopy system equipped with (SEM-
EDX-AFA) for statistical analyses on the graphite particle size and nodule count. The 
matrix structures of the specimens were revealed by etching with 1% nital and examined 




Fig. 3.  The primary phase for the studied ductile iron is the graphite phase, predicted by 







Fig. 4.  Measured cooling curves of the sequentially quenched ductile irons in Heat A (a) 
and Heat B (b) 
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Experimental Results and Discussions 
General Observations.  The as-polished and etched microstructures of the 
sequentially quenched specimens in Heat A are summarized in Fig. 5. The growth of the 
graphite nodules is clearly indicated in the as-polished microstructures. The distribution 
of liquid phase and austenite phase were revealed by nital etching. The austenite 
transformed to pearlite, bainite or martensite depending on solid state cooling rate upon 
quenching and the presence of an austenite decomposition product (pearlite, bainite or 
martensite) next to the graphite was taken as the evidence of an austenite shell. The liquid 
phase transformed to ledeburite upon quenching and the white iron was a solidification 
product instead of an austenite decomposition product. The volume fraction of graphite 
and austenite (or its reaction products) continuously increased while the liquid fraction 
decreased as the solidification proceeded. Austenite dendrites grew to impinge on each 
other, and finally occupied most of the volume for the matrix. It is generally thought that 
nodular growth after austenite encapsulation is limited kinetically by carbon atom 
diffusion though the austenite. This is the generally accepted solidification sequence for 
ductile iron. The “bulls eye” microstructure observed in the final microstructure is a 
result of a divorced eutectic reaction, which leaves a ferrite border around the spheroidal 
graphite. Graphite nodules exposed to liquid were observed in the three seconds, 67 
seconds, and 121 seconds quenched specimens of Heat A, which will be discussed in 
detail in the following text. 
Statistical Analyses.  The size distributions of the graphite nodules in Heat A 
were precisely measured on the as-polished specimens using automated feature analysis 
of back scattered electron images. Particle size statistics were determined from a sample 
size of two thousand and five hundred graphite particles. The results are plotted in Fig. 6 
showing that the size distributions of the graphite nodules followed a near normal 
distribution for the earlier quenched specimens. For example, three seconds and 67 
seconds quenching show only a single size distribution as shown in Fig. 6(a)-(b). 
However, bi-modal distributions, with two distributions that are superposed, appear for 
specimens quenched after the eutectic initiation temperature. This suggests two 
nucleation events during solidification: primary graphite nucleation and eutectic graphite 
nucleation. The first wave of nucleation occurred before the eutectic initiation 
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temperature (TEN). During this period, small particles continuously formed and grew, 
and graphite particle size increased as solidification proceeded, as shown in Fig. 6(a)-(b). 
After 70 seconds (corresponding to TEN), two eutectic thermal arrests were observed 
(the first one started at TEN and the second one started at TElow). Graphite particles 
formed during the first wave of nucleation have grown to significant size (35-45 μm) at 
181 seconds quenching, which is also reflected in the as-polished microstructure shown 
in Fig. 5(g). The second wave of nucleation produced the second distribution of smaller 
size. Later, graphite growth continued during eutectic solidification and both peaks 
shifted to larger sizes as the solidification proceeded. The fraction of large graphite 
particles became significant as the solidification finished. The trend is more apparent 
from the area percent plots of different graphite particle sizes for the quenching sequence, 
as shown in Fig. 7. It should be noted that the number of size distribution peaks on the 
graphs can be more than two depending on the cooling rate and nucleation practice [21]. 
Wetterfall et al. [22] mentioned successive graphite nucleation in quenching experiments. 
Lux et al. [12] also discussed the progressive nucleation of graphite in an isothermal 
process. Statistical analyses over thousands of graphite nodules in this study prove that 
there are multiple waves of graphite nucleation during ductile iron solidification.   
Graphite nodule diameters were averaged over 2,500 particles for each specimen. 
The average graphite diameter (see Fig. 8(a)) slightly increased between three and 67 
seconds, indicating that some graphite growth occurred when the graphite nodules were 
exposed to liquid. Limited graphite growth in liquid under a non-equilibrium condition 
was also reported by Lux, Mollard and Minkoff [12], and Stefanescu [5]. The graphite 
diameter and the graphite area fraction (approximately equals the volume fraction of 
graphite) continuously increased from 121 seconds and onward, as shown in Fig. 8(a)-
(b). Time corresponding to the end of the solidification (366 seconds) was used as the 
time for the unquenched specimen. Graphite particles fully in contact with liquid without 
surrounding austenite shell were observed in three seconds, 67 seconds and 121 seconds 
quenched specimens. Completion of austenite shells around a proportion of the graphite 
nodules was observed in the three seconds quenched specimen of Heat A, and most of the 
graphite nodules were isolated from liquid by the austenite shells in all other specimens. 




(a)    (b) 
  
(c)    (d) 
  
(e)    (f) 
Fig. 5.  As-polished microstructures (a,c,e,g,i,k) and etched microstructures (b,d,f,h,j,l) of 
specimens quenched at three seconds (a-b), 67 seconds (c-d), 121 seconds (e-f), 181 










(g)    (h) 
  
(i)    (j) 
  
(k)    (l) 
Fig. 5.  As-polished microstructures (a,c,e,g,i,k) and etched microstructures (b,d,f,h,j,l) of 
specimens quenched at three seconds (a-b), 67 seconds (c-d), 121 seconds (e-f), 181 
seconds (g-h), 241 seconds (i-j), and without quenching (k-l) in Heat A (cont.) 
 
  
of the austenite dendrites with multiple graphite nodules, larger graphite particles 
coarsened at the expense of small particles, during the eutectic growth. Therefore, the 
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nodule count continuously decreased during the eutectic solidification stage, as shown in 




(a)       (b) 
  
(c)       (d) 
  
(e)       (f) 
Fig. 6.  Size distributions of graphite particles in ductile iron quenched at three seconds 
(a), 67 seconds (b), 121 seconds (c), 181 seconds (d), 241 seconds (e)  and without 






(a)      (b) 
 
(c)      (d) 
 
(e)      (f) 
Fig. 7.  Distributions of graphite particle area percent for ductile iron quenched at three 
seconds (a), 67 seconds (b), 121 seconds (c), 181 seconds (d), 241 seconds (e) and 
without quenching (f) for Heat A 
 
  
spherical, thus a 2-dimension section of the austenite shell is approximately round. 
Austenite shell thickness was statistically measured for 100 particles from each quenched 
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sample on the etched micrographs using the ImageJ software. The austenite volume 




   
(a)      (b) 
 
(c)      (d) 
Fig. 8.  Average graphite diameter (a) measured over 2500 particles per specimen. Area 
fraction of graphite (b) and nodule count (c) calculated over the area in which 2500 
particle were counted. Austenite shell thickness (d) was measured next to 100 graphite 
particles per specimen. The eutectic solidification began at 70 seconds and the 
solidification ended at 366 seconds based on the first derivative of the unquenched 
cooling curve. The time corresponding to the end of the solidification was used as the 
time for the unquenched specimen in the plots. Data for unquenched specimen were 
highlighted by the red circles. The green line in (d) shows the median values of austenite 
shell thickness. The austenite shell size was not recognizable in the unquenched specimen 
 
  
Evidence for Austenite Engulfment.  The formation and growth of nodular 
graphite relative to the austenite solidification were also examined in this study. 
Randomly distributed small graphite nodules (smaller than four micron) formed 
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independently from austenite dendrites were seen in the ledeburite eutectic structure as 
indicated by the red bold circles in Fig. 9(a) for a metallographic sample removed from a 
thin section of the incompletely filled three seconds quenched specimen in Heat A. The 
liquid phase (transformed to ledeburite) is labelled as “L” and the austenite (transformed 
to pearlite) is labelled as “A”. Slightly larger graphite nodules (about six micron) partially 
in contact with the austenite were found in the adjacent area, either trapped in between 
the austenite dendrite arms or attached onto the austenite dendrite arm, as indicated by 
the red dashed circles in Fig. 9(b). Graphite nodules without complete austenite shells 
were prolate in shape with the side facing the austenite protruding into the austenite (see 
Fig. 9(c)). The encroaching austenite grew around the nodule after contact. Fig. 10(a) 
shows a graphite nodule that is just engulfed by the encroaching austenite. After the 
graphite was engulfed by the austenite (see Fig. 10(b)), the carbon atoms would diffuse 
through the austenite shell to add on to the graphite. The austenite engulfment was also 
confirmed for a nickel alloy with spheroidal graphite using the Electron Backscattered 
Diffraction (EBSD) analyses by the authors [23].   
Graphite Feature Size for Austenite Shell Completion.  The size distribution of 
2,500 graphite nodules as determined by automated feature analysis for immediately 
quenched specimen from Heat B is shown in Fig. 11. The result shows that the diameters 
of the graphite particles are small, which means the graphite nodules were successfully 
captured at their early solidification stages. Fig. 12 shows the etched microstructures of 
immediately quenched specimen for Heat B, which illustrates the independent formation 
of graphite nodules and austenite dendrites. Since the casting was quenched in a thin 
tubular mold, the fast quenching rate caused the austenite to transform to martensite. The 
liquid phase transformed to ledeburite. A series of etched microstructures were examined 
to identify whether each graphite particle was engulfed by a complete austenite shell. The 
particles were divided into two categories based on whether or not it had a complete 
austenite shell around it. Two hundred particles were examined for each category. The 
shape of the graphite particles in the early growth stage was mostly prolate, as indicated 
by the yellow arrows in Fig. 12(a-b). This is similar with the observation in the three 
seconds quenched specimen of Heat A. The image analysis software (Image-J) was 
applied to measure the long and short axes of each particle. The long axis was assigned as  
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(a) (b)    
 
(c) 
Fig. 9.  Independent formation of graphite and austenite(a) and graphite partially 
encapsulated by austenite ((b) and c)) in the three seconds quenched specimen of Heat A. 
Examples of graphite particles fully surrounded by liquid phase were highlighted in the 
red bold circles in (a). Examples of graphite particles partially encapsulated by austenite 
were highlighted in the red dash circles in (b) and (c). (c) shows that two graphite 
particles without complete austenite shells were prolate in shape. Austenite (transformed 




           
(a)      (b) 
Fig.10.  One graphite nodule was just encapsulated by austenite (a), and a graphite nodule 




the diameter of the particle. The aspect ratio (long axis to short axis ratio) of each particle 
was plotted versus the diameter of the particle in Fig. 13(a). The diameters of the graphite 
particles without complete austenite shells typically fall into smaller size, and their aspect 
ratios are larger than one, which means their shapes are more prolate. However, the 
graphite particles with a complete austenite shell tend to be larger in size and they are 
more spherical with the aspect ratios close to one. The size distributions of these graphite 
particles for two categories were plotted in Fig. 13(b). Transition from an incomplete 





Fig. 11.  The size distribution of graphite particles in the immediately quenched specimen 
from Heat B using the SEM-EDX-AFA 
 
 
Anisotropic Graphite Growth.  As observed in Fig. 9(c) and Fig. 12, graphite 
particles without a complete austenite shell surrounding them are prolate, while those 
fully surrounded by austenite are nearly spherical.  For those without a complete austenite 
shell, the side facing the encroaching austenite/liquid interface was more protruding 
toward that interface, i.e., the graphite growth rate into the austenite is higher than the 
graphite growth rate in the liquid. As the solid cools to room temperature the graphite or 
carbide is expected to grow as the austenite carbon content is reduced to the eutectoid 
composition.  This translates into nearly a 60% increase in the weight fraction of graphite 
and a 25% increase in the weight fraction of cementite. Growth of graphite in contact 
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with cementite (in ledeburite) will be kinetically retarded by both a reduced diffusion rate 
of carbon through the carbide and austenite mixture as well as by the competitive growth 
of the carbide, which has a much larger interface area. However, carbon atoms from 
austenite go directly to the graphite when the graphite is in contact with austenite. 
Meanwhile, graphite encapsulated in austenite will have a natural tendency to spheroidize 
during this stage of cooling to minimize the interfacial surface energy.  
 
 
    
(a)      (b)  
Fig. 12.  Small graphite particles during early solidification stages were captured using 
the tubular molds (a) and (b). Graphite particles fully surrounded by liquid were 
highlighted by red arrows, indicating that the graphite particles were formed in liquid 
phase independently from the austenite dendrite. Graphite particles with incomplete 




(a)         (b)                                                                                         
Fig. 13.  Aspect ratio (a) and size distribution (b) of graphite particles without a complete 
austenite shell and with a complete austenite shell. Two hundred graphite particles were 
counted for each category.  
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Once the graphite is surrounded by austenite we can consider the effect of 
graphite particle surface curvature on the local activity of carbon in the austenite near that 
surface. The high curvature of the graphite tip which formerly faced the advancing 
austenite now produces a higher local carbon activity in the adjacent austenite if we 
consider the Thomson-Freundlich effect [24]. Therefore the carbon transport on the 
austenite has a component for the high curvature surface to the lower curvature surface, 
causing the particles to become more dimensionally uniform in all radial directions (more 




The experimental observations for the early solidification stages in this study 
supported a divorced eutectic solidification model. Examination of the quenched 
microstructures revealed (1) independent formation of graphite nodules and austenite 
phases in the liquid phase and (2) austenite engulfment around the graphite nodules. The 
graphite particle size associated with austenite shell completion was determined to be six 
to eight microns.  
The graphite nodule growing in contact with the liquid phase was not spherical, 
with one side protruding toward the austenite, which might be a result of anisotropic 
carbon concentration field around the graphite nodule.   
The solidification of ductile iron was experimentally studied by quenching 
experiments using a spherical ceramic mold and a tubular quartz mold in this study. 
Statistical analyses of the spheroidal graphite particle size and the nodule count relative 
to the quenching sequence showed that (1) a slightly increase of the average graphite 





 occurred between three seconds and 67 seconds when the local equilibrium 
between the graphite and liquid and between the austenite and liquid were different and 
(2) two waves of graphite nucleation occurred in the iron alloy studied. 
Ductile iron used in this study is a hypereutectic alloy, thus the solidification 
process may be different for a hypoeutectic iron alloy or a eutectic iron alloy, which 
needs further investigation. To better correlate the growth kinetics of graphite nodules 
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with that of the austenite shell, more measurements should be performed on individual 
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Microstructures of a ductile iron alloy at different solidification stages were 
captured in quenching experiments. Etched microstructures showed that spheroidal 
graphite particles and austenite dendrites nucleated independently in liquid. Growth of 
the austenite dendrite engulfed the spheroidal graphite particles after first contacting the 
nodule and then by forming an austenite shell around the spheroidal graphite particle. 
Statistical analysis of the graphite size distribution was used to determine the nodule 
diameter when the austenite shell was completed. In addition, multiple graphite 
nucleation events were discerned from the graphite particle distributions. Accelerated 
graphite growth occurred when the graphite was in contact with the austenite. 
Circumferential growth of curved graphene layers appeared as faceted growth fronts 
sweeping around the entire surface of a spheroidal graphite particle which was at the 
early growth stage.  Mismatches between competing graphene growth fronts created 
gaps, which divided the spheroidal graphite particle into radially oriented conical 
substructures.  Graphene layers continued growing in each conical substructure to further 




Extensive research has shown that the solidification of ductile iron is dramatically 
different from that of a gray iron.  Introducing magnesium/cerium to the metal not only 
changes the morphology of graphite phase but also the solidification process, increasing 
the complexity of solidification for iron alloys.  Gray iron with flake graphite experiences 
irregular eutectic growth, during which graphite and austenite exhibit competitive growth 
at the solid-liquid interface [1-4].
  
Solidification of ductile iron shows divorced eutectic 
growth of graphite and austenite, and the engulfing austenite isolates the graphite nodule 
from liquid after the independent formations of the austenite and the graphite nodules [5]. 
Regarding the nucleation of graphite nodules, some of the first theories postulated 
that nodular graphite nucleated on a solid phase like iron carbide or supersaturated 
austenite [5].  There are also many studies supporting that the nodular graphite originates 
directly from the liquid phase [6-10]. 
 
For example, Hecht and Margerie presented 
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evidence that a small graphite nodule formed directly from the liquid phase [6].  
Fredriksson, Stjerndahl, and Tinoco showed that graphite nodules were growing in the 
liquid phase independently from the austenite dendrite for a nickel alloyed ductile iron 
[7].  It has also been suggested that growth of the graphite in liquid should be limited due 
to non-equilibrium conditions [5, 8]. 
A number of studies have shown that as the austenite and graphite come into 
contact the nodular graphite is encapsulated by the austenite.  For example, Scheil and 
Hutter found that nodular graphite was formed directly in the liquid and was later 
enveloped by austenite in ductile iron [9].  Lux, Mollard and Minkoff [8] also claimed 
that the graphite nodules originated from liquid and austenite encapsulated around the 
primary spheroidal graphite in cast iron. The solidification process involving the austenite 
engulfing the nodular graphite was called the nodule entrapment/encapsulation model 
[11-14].  In the work by Lux et al. it was suggested that only graphite larger than a certain 
size (ten microns) would have a complete austenite shell around it and it isolates the 
graphite nodule from the liquid [8].  
Encapsulation/engulfment is usually seen in eutectic systems having one or both 
phases growing as faceted crystals [8].  As several studies [1,8,15-16] have stated, iron 
forms nonfaceted austenite dendrites, while carbon forms faceted graphite crystals.  This 
difference leads to an asymmetric eutectic growth zone for gray iron that is skewed 
towards the graphitic phase in the Fe-C phase diagram.  In hypereutectic ductile iron 
encapsulation occurs around the primary graphitic nodule.  The comparable eutectic 
growth zone for the model of nodular graphite growth with austenite encapsulation 
extends into the eutectic zone for gray iron [8].  Lux, Mollard and Minkoff [8] attributed 
the austenite encapsulation to the faster growth rate of austenite and competitive growth 
between the austenite and nodular graphite, i.e. non-coupled growth at the solid-liquid 
interface.  Minkoff and Lux [17] suggested that graphite growth and austenite growth 
would follow different growth rate laws: (1) the (0001) planes for graphite followed a 
parabolic growth law; (2) the (101̅0) planes for graphite held an exponential growth law; 
(3) austenite followed a parabolic growth law.  Based on their discussions, the austenite 
growth dominated regardless of undercooling in ductile iron [17].  According to Lux, 
Mollard and Minkoff, the nonfaceted austenite dendrite propagated easily without too 
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much constraint on the crystallographic orientations, and it grew out quickly to 
significant size.  However, the faceted graphite grew along preferred crystallographic 
directions, thus the growth was relatively slow [8]. 
 
Many theories regarding spheroidal graphite growth have been proposed based on 
empirical observations and general understanding of the solidification process [17-23].  
Two well-known models of spheroidal graphite growth include (i) circumferential growth 
of curved graphene layers around the surface of a graphite nodule [23], and (ii) spiral 
growth of the graphene layers in radially orientated helix-cone substructures [19, 24-25].  
Multi-stage spheroidal graphite growth models describe that there are multiple growth 
stages following different growth mechanisms for the ductile irons [18, 20] or the nickel 
alloys [26-27].  Some literature mentioned that the formation of spheroidal graphite is 
driven by the interfacial energy between the graphite and the matrix [28-31].  According 
to the literature [30], elimination of surface-active elements like sulfur [32] increases the 
interfacial energy between graphite and the liquid metal.  As a result, a spherical 
morphology with higher volume to surface ratio is more favorable than a flake 
morphology with low volume to surface ratio.  However, there is no agreement on the 
growth mechanism for spheroidal graphite and the actual mechanism remains uncertain. 
Previous work by the authors is presented in reference 33 and the objective of this 
study is to investigate the solidification process of a hypereutectic ductile iron, especially 
during the early solidification stages.  This paper will offer further evidence of the 
austenite engulfment process.  To retain the structures at various growth stages, 
quenching experiments were conducted.  Automated statistical analyses were performed 
on over three thousand graphite particles from each specimen and these were measured 
using a scanning electron microscope equipped with automated feature analysis software.  
Statistical analysis was used to evaluate the graphite growth at different stages of 
solidification and the graphite particle size at the moment of encapsulation.  Growth 
mechanisms of the spheroidal graphite were elucidated by deep etching and surface 
features of the graphite nodules were characterized using high resolution scanning 






Mold Design and Simulation Predication.  In a previous study by the authors 
[33], spherical ceramic shell molds (of 38 mm inner diameter) were used to interrupt the 
solidification of a ductile iron alloy.  This previous study showed that the quenching 
response of the spherical mold was not fast enough to capture the early solidification 
structures.  Therefore, a smaller-sized tubular sampler was adopted to sample and quench 
the iron alloy in this study.  The tubular mold was made using a 10 mm inner diameter 
quartz tube.  Two holes, which worked as the metal inlet and the gas vent, were made on 
the side of the mold as shown in Figure 1.  One thermocouple was installed 55 mm from 
the end (centered on the cross section) of a tubular mold.  The molds were attached to 




Figure 1.  A tubular quartz mold used for the quenching experiment 
 
 
Solidification of ductile iron inside the tubular mold was modelled using 
computational fluid dynamics software prior to the quenching experiment.  Heat transfer 
coefficient (HTC) between liquid metal and mold was chosen as 3,500 W/m
2
K, assuming 
there was no air gap along the interface and liquid metal was tightly in contact with the 
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mold [34].  Quench times used in the experiment were estimated based on the simulated 
cooling curve.  Geometry used for the computational simulation and simulated cooling 
curve are shown in Figure 2.   
Quenching Experiments.  The iron alloy was melted in a 200-lb induction 
furnace under argon protection.  The charge materials included high purity induction iron 
(0.002% C, 0.006% S), pig iron (4.2% C, 0.17% Si, and 0.006% S), Fe75Si (75% Si) and 
graphite (99.9% purity).  The liquid metal was tapped into a 200-lb ladle at 1763K 
(1490
o
C) and treated with magnesium-ferrosilicon (46% Si, 4.3% Mg) and inoculant 
(73% Si, 4% Al, and 1% Ca).  
The final composition of the ductile iron used in this study is given in Table 1 as 
determined by using a Verichek Foundry-Master UV arc spectrometer.  Carbon and 
sulfur contents were determined using a LECO CS600 combustion analyzer, as given by 
Table 1.  This experimental alloy was a hypereutectic alloy because the primary phase for 
this ductile iron was predicted to be the graphite phase, based on the Factsage calculation 
using version 6.4 and database Factsage FSstel, as given in Figure 3.  This iron alloy is 
similar in composition with the ductile iron used in reference 33. 
 
 
     
                              (a)                                (b) 
Figure 2.  Geometry of a tubular mold (a). Simulated cooling curve for an instantaneous 
fill of ductile iron at 1623K (1350°C) (b) using the quartz tubular mold (a) 
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Table 1.  Chemical composition (wt.%) of ductile iron alloy studied 
Leco C Leco S Si Mn Mg Cu Al Cr Ni 




Figure 3.  The primary phase during solidification is graphite for the ductile iron studied, 





Figure 4.  Cooling curves of sequentially quenched samples using tubular molds 
 
 
Six tubular molds were preheated by holding their ends (to a depth of ~25mm) in 





C).  Upon filling, the six molds were lifted out at the same time from the 
ladle to minimize experimental variation resulting from inoculant fade or nodulant fade. 
The lifting out/sampling time was used as the time zero.  One mold was quenched at five 
seconds after sampling.  The other five molds were held inside five individual insulation 
nests made of kaowool to minimize the external turbulence from the ambient.  Molds 
were sequentially quenched at different times: 11 seconds, 26 seconds, 40 seconds, and 
60 seconds.  Experimental cooling curves for these quenched specimens are shown in 
Figure 4, which correlate the quenching times with the solidification stages.  Eutectic 
solidification started at 18 seconds (corresponding to the eutectic initiation temperature or 
TEN [35]), and the solidification ended at 53 seconds (corresponding to the solidus 
temperature or TS).  These critical temperatures were determined from the first derivative 
of the cooling curve measured for the 60-second quenched sample.  Based upon this 
thermal analysis, the five-second and 11-second samples were quenched from above the 
eutectic initiation temperature (TEN), and the 26-second sample was quenched at the 
lowest eutectic temperature (TElow), and the 40-second sample was quenched after the 
metal had reached the highest eutectic temperature (TEhigh), and the 60-second sample 
was quenched after the metal completely solidified at the solidus temperature (TS).  The 
last sample was left to solidify in the insulation nest without quenching, as a comparison 
to the quenched samples. 
Metallography.  Metallographic specimens were obtained as close to the tip of 
the thermocouple as possible (usually within 2-mm).  Standard metallographic 
procedures were used with the aim of retaining the graphitic structure.  As-polished 
microstructures were examined by optical microscopy, and using a scanning electron 
microscopy system equipped with electron dispersive X-ray detector and Automated 
Feature Analysis software (SEM-EDX-AFA).  The AFA software documented 
compositional spectrum, coordinates, maximum diameter (DMAX), and minimum 
diameter (DMIN) of each particle.  Average diameter (DAVE) of a particle was 
determined using a rotating chord algorithm (by averaging the eight intercept lengths 
measured along eight directions).  The area of a particle was calculated based on the eight 
intercept lengths.  Nodule count ranged from 3093 to 3379 for the sampling and 
statistical analyses were performed on the entire population measured.  Matrix 
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microstructures were documented using optical microscopy after etching the specimens 
with 1% nital.  
Deep Etching.  Graphite nodules were extracted from the five-second quenched 
sample (tubular mold) by deep etching and were used to investigate the early graphite 
growth.  Deep etching was performed using a one gram specimen that was cut from next 
to the metallographic specimen and deep etched in boiling concentrated hydrochloric acid 
to remove the matrix.  The graphite particles were extracted and rinsed with ethanol.  In 
addition, graphite nodules representative of intermediate and late growth stages were 
obtained from materials produced in reference 33.  These additional samples were 
obtained using spherical samplers previously described [33].  These spherical samplers 
induce a slower cooling rate and both quenched and unquenched samples from the 
previous study were deep etched to obtain exemplar graphite nodules from intermediate 
growth stages and late growth stages of the graphite nodules.  A high resolution scanning 




Results and Discussions 
As-polished and etched microstructures of the sequentially quenched specimens 
are given in Figure 5.  The as-polished microstructures clearly show that the size of the 
graphite nodules increased with increasing solidification time, as shown in Figure 5 (a) 5-
second, (c) 11-second, (e) 26-second, (g) 40-second, (i) 60-second and (k) not quenched.  
Liquid present upon quenching transformed to ledeburite, which is revealed as a 
composite structure of cementite and pearlite (or martensite) when etched with nital.  
Austenite formed during solidification was identified by the dendritic morphology and 
microstructures typical of transformed austenite, i.e. pearlite, bainite and martensite 
depending upon the imposed cooling rate during specimen quenching.  The evolution of 
the liquid phase and the austenite phase, can be discerned from the etched images in 
Figure 5 (b) 5-second, (d) 11-second, (f) 26-second, (h) 40-second (j) 60-second and (l) 
not quenched.  Therefore, presence of a continuous austenite decomposition product 
(pearlite, bainite, or martensite) next to the graphite was taken as the evidence of an 
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austenite shell.  The liquid phase was identified by the carbidic eutectic microstructure 
commonly referred to as ledeburite in white irons and was only observed in the quenched 
samples.  Based on these observed microstructures, the graphite size and the volume 
fraction of austenite continuously increased while the liquid fraction decreased during 
solidification.  Figure 5(b) clearly shows that the austenite and graphite phases are 
independent of each other in the 5 second specimen. Austenite shell formation and 
engulfment of the graphite has started in the 11 second sample as shown in Figure (d).  
Complete engulfment has occurred by the 40 second sample as shown in Figure 5 (h) and 




   
(a)      (b)  
  
(c)      (d)  
Figure 5.  As-polished microstructures (a,c,e,g,i,k) and etched microstructures (b,d,f,h,j,l) 
of specimens quenched at (a-b)five seconds, (c-d)11 seconds, (e-f)26 seconds, (g-h)40 




(e)      (f) 
  
(g)      (h) 
  
(i)      (j) 
Figure 5.  As-polished microstructures (a,c,e,g,i,k) and etched microstructures (b,d,f,h,j,l) 
of specimens quenched at (a-b)five seconds, (c-d)11 seconds, (e-f)26 seconds, (g-h)40 





(k)      (l) 
Figure 5.  As-polished microstructures (a,c,e,g,i,k) and etched microstructures (b,d,f,h,j,l) 
of specimens quenched at (a-b)five seconds, (c-d)11 seconds, (e-f)26 seconds, (g-h)40 
seconds, (i-j)60 seconds, and (k-l) without quenching (cont) 
 
 
Smaller sized graphite nodules (corresponding to the early stages of solidification) 
and higher fractions of liquid phase were retained using the tubular samplers, as 
compared with those reported using a spherical mold [33] and early solidification 
structures were captured in the five-second and eleven-second quenched samples.  The 
previous study using spherical molds has shown that the austenite phase formed dendrites 
in the liquid phase and the austenite was nucleated independently from the graphite 
nodules during the early solidification stages of the near eutectic hypereutectic ductile 
iron [33].  The slower cooling rate imposed allowed for significant dendritic growth of 
austenite, which mechanically pushed the graphite until captured by adhesion, which 
occurred at both dendrite tips and between secondary dendrite arms.  Examples of each 
are shown in Figure 6: graphite nodules trapped between two austenite dendrite arms (as 
indicated by the dotted circles in Figure 6 (a)), and some of the graphite nodules were 
captured and engulfed by the tip of the austenite dendrite arms (as indicated by the 
dashed circles in Figure 6 (a) and (b)).  Completion of austenite shells around a small 
proportion of the graphite nodules was observed in the five-second quenched specimen, 
and most of the graphite nodules were isolated from liquid by the austenite shells after 26 
seconds.  It is generally thought that nodule growth after austenite encapsulation is 
limited by solid state carbon diffusion though the austenite [8].  A single austenite 
dendrite may encapsulate multiple graphite nodules [12, 36] and Figure 7 shows an 
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example where multiple graphite nodules are within a single dendrite that is distinguished 
by interdendritic porosity.  In each of the austenite dendrites with multiple graphite 
nodules, larger graphite particles may coarsen at the expense of small particles, during 
the eutectic growth.  In addition, some graphite particles were agglomerated when 
contacted by other nodules within interdendritic spaces, which would decrease the nodule 
count when performed by automated feature analysis.  Dendrite impingement occurred 
near the end of solidification. 
 
 
   
(a)      (b) 
Figure 6.  Graphite particles trapped between dendrite arms, as indicated by the dotted 
circles in (a).  Graphite particles attached on the tip of austenite dendrite arm and 
engulfed by austenite dendrite arm, as highlighted by the dashed circles in (a) and (b), 
respectively.  Austenite (transformed to pearlite) is indicated by “A” and the liquid phase 
(transformed to ledeburite) is labelled as “L” 
 
 
Graphite Diameter for Austenite Engulfment.  Based on the observations in 
this study, many of the smaller graphite nodules were either fully in contact with the 
liquid phase or partially engulfed by austenite.  Small sized graphite nodules exposed to 
liquid phase were observed in the five-second, 11-second, 26-second and 40-second 
quenched specimens.  A series of etched micrographs were examined for the five-second 
quenched and 25-second quenched samples to identify whether a complete austenite shell 
engulfed the graphite particle.  The long axis and short axis of each nodule were 




Figure 7.  Multiple graphite nodules were engulfed by a single austenite dendrite, as 
highlighted by the dotted circle, which is an evidence for multi-nodular eutectic cell 




particles from five-second quenched specimen and 80 particles from 25-second quenched 
specimen) without the complete austenite shells and two hundred and fifty graphite 
particles (170 particles from five-second quenched specimen and 80 particles from 25-
second quenched specimen) with complete austenite shells were taken into account for 
this analysis.  The long axis was assigned as the diameter of the graphite nodule, and the 
ratio of the long axis to the short axis (aspect ratio) was calculated for each particle.  The 
aspect ratio was plotted versus the graphite diameter in Figure 8 (a).  The size 
distributions for the graphite particles without complete austenite shells (in black) and for 
the graphite particles with complete austenite shells (in gray) are given in Figure 8(b).  
The diameters of the graphite particles without complete austenite shells typically fall 
into a smaller size range, and their aspect ratios are larger than one, which means their 
shapes are more prolate.  Figure 9 shows examples of the prolate shaped graphite nodules 
without complete austenite shells.  However, graphite particles with a complete austenite 
shell tend to be larger in size and they are more spherical with an aspect ratio closer to 
one.  Transition from an incomplete austenite shell to a complete austenite shell occurred 




(a)      (b) 
Figure 8.   Aspect ratio (a) and size distribution (b) of graphite particles without a 
complete austenite shell and with a complete austenite shell.  Two hundred and fifty 




Figure 9.  Graphite particles with incomplete austenite shells, as indicated by the arrows. 
The graphite nodules highlighted by the dashed circles were trapped between austenite 
dendrite arms. Austenite (transformed to pearlite) is indicated by “A” and the liquid 
phase (transformed to ledeburite) is labelled as “L” 
 
 
Anisotropic Growth of Graphite Nodule and Carbon Redistribution.  
Graphite nodules partially in contact with liquid phase were normally prolate in shape, 
with the side facing the austenite protruding further into the austenite [33], implying 
anisotropic growth of the graphite particle.  This could be related to an asymmetric 
carbon gradient in the liquid.   
Solidification of ductile iron is a non-equilibrium process.[8]  If a small  
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undercooling (ΔT) below the equilibrium eutectic temperature (TE) is assumed then the 
liquid composition would be close to alloy composition (C0) near the growth front.  At 
the liquid-austenite growth interfaces the composition of liquid (C1) would be in 
equilibrium with the composition of austenite (C2). At the liquid-graphite interface the 
composition of liquid (C3) would be in equilibrium with the graphite composition.  
Composition of austenite (C4) was in equilibrium with graphite composition at the 
austenite-graphite interface. These compositions were estimated from the extrapolated 
equilibrium liquidus and solidus lines of the stable Fe-C phase diagram, as shown in 
Figure 10.   
Illustrations for carbon solute distribution near the growth interface during 
austenite engulfment were constructed in Figure 11 following a procedure previously 
demonstrated in references 8 and 37.  Solidification of austenite rejects carbon to the 
austenite-liquid interface and a carbon concentration gradient is produced in front of the 
austenite growth front, as shown in Figure 11(a).  In contrast, growth of the graphite 
nodule depletes carbon from the surrounding liquid, and a drop on carbon concentration 
ahead of the graphite nodule was expected.  The carbon solute would redistribute as the 
austenite growth front approaches the graphite particle.  As the austenite-liquid interface 
approaches the graphite nodule, carbon concentration gradient would appear in the liquid 
gap between graphite and austenite.  The steeper carbon concentration gradient in front of 
the austenite (in the liquid) will enhance the graphite growth, and protrusion of the 
graphite toward the austenite may occur, as illustrated in Figure 11(b-c).  In a similar 
fashion, austenite growth toward the graphite should also be enhanced.  Physical contact 
should produce wetting (adhesion) and engulfment.  A similar argument can be made 
using the Thompson-Freundlich equation (Eqn. 1 [38]) where the radius of curvature for 
the nodule is related to a higher carbon concentration in the liquid between the austenite 







                                                    Eqn. 1 
The usual definitions are applied to the equation above: r is interfacial radius, γ is 
surface tension, Ω is atomic volume, T is absolute temperature, cr is the carbon 
concentration at the curved interface, c is the equilibrium carbon concentration, and k is 
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the Boltzmann constant.  Specifically this equation argues that as the cr/c ratio increases 
the graphite particle radius should decrease as demonstrated in Figure 11.  Thus, a higher 




Figure 10.  Schematic diagram of the carbon concentrations at various interfaces 
predicted by extrapolating the equilibrium Fe-C phase diagram 
 
 
Experimental observations in the present study validate the analysis above: 
graphite nodules with an incomplete austenite shell were prolate, and the side facing the 
encroaching austenite/liquid interface protrudes further toward the interface.  The side 
facing the austenite in a graphite nodule had a higher curvature (1/r) than the other side 
facing the liquid phase.  A melting point depression may also be expected near the 
graphite particles due to carbon solute rejected by the solidifying austenite.  
Upon complete encapsulation of the prolate shaped nodule by austenite the nodule 
would spheroidize to minimize the interfacial surface energy.  One can also consider the 
effect of graphite particle surface curvature on the local activity of carbon in the austenite 
near that surface.  The high curvature of the graphite tip which formerly faced the 
advancing austenite now produces a higher local carbon activity in the adjacent austenite 
if one once again considers the Thompson-Freundlich equation [38].  Thus the carbon 
transport on the austenite has a component from the high curvature surface to the lower 
curvature surface as shown in Figure 11(d), causing the particles to become more 
dimensionally uniform in all radial directions(more spherical).  Actually, the higher  
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(a)                             (b) 
   
(c)                             (d) 
Figure 11. Carbon concentration profile near an austenite-liquid interface (far from 
graphite particles) (a). (b) As the austenite growth front approached a graphite particle, 
growth of the graphite was enhanced on the side facing the austenite compared with the 
side facing the liquid. Shape of the graphite particle became prolate. (c) Carbon solute 
was redistributed as the graphite nodule protruded toward the austenite.  Austenite 
growth toward graphite was also enhanced.  (d) After encapsulation of the nodule, carbon 
transported on the austenite had a component from the higher curvature surface to the 
lower curvature surface, leading to a more spherical particle. Modified and reconstructed 
after reference 8 and 37 
 
 
curvature side in a prolate shaped graphite nodule is made of accumulated incomplete 
growth steps, which now become the favored locations for carbon accretion.  Carbon 
accretions occur on existing growth steps instead of creating new growth steps during the 
solid state growth. 
This model offers an explanation to the dependence of graphite particle shape on 
the degree of austenite engulfment.  An anisotropic carbon concentration field in the 
liquid leads to the anisotropic graphite growth.  Austenite engulfment occurred as the 
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result of carbon redistribution in front of the interfaces and melting point depression at 
the encroaching austenite tip.  
Graphite Particle Size Distributions.  Graphite nodule size distributions were 
determined on as-polished specimens using automated feature analysis of back scattered 
electron images obtained with the SEM.  The composition of each particle was collected 
using an EDX detector.  Features (inclusion, porosity) other than graphite particles were 
ruled out using a software algorithm and only the graphite particles were considered for 
the graphite size distributions.  Graphite size statistics were conducted on a sample size 
of over three thousand graphite particles.  The results are plotted in Figure 12.  The size 
distribution of the graphite nodules follow a near normal distribution for the 5-second and 
11-second quenched specimens, where a single size distribution is observed for each 
specimen, as shown in Figure 12 (a) and (b).  In the five-second and 11-second quenched 
specimens both of which were quenched before TEN, the graphite nodule diameters are 
smaller than 12 microns.  Graphite nodules with diameters larger than 12 μm start to 
appear in the 26-second specimen (quenched at the TElow after TEN), but the number 
counts for the larger sized graphite nodules (over 12 μm) are very low, as shown in 
Figure 12 (c).  Bi-modal size distributions, with two distinct distributions, are observed in 
the 40-second quenched specimen (see Figure 12 (d)) that was quenched during the 
eutectic reaction.  This suggests after a first nucleation event occurred prior to the 
eutectic reaction, a second graphite nucleation event occurred during the eutectic reaction.  
The primary graphite nucleation event led to only a single graphite distribution peak in 
the five-second and 11-second quenched specimens.  The peak corresponding to the 
primary graphite nucleation gradually shifted to larger size as these primary graphite 
particles grew.  As the eutectic reaction started (corresponding to TEN on the cooling 
curve), the eutectic graphite nucleation event created a second peak and smaller size 
distribution.  Both the first and the second size distributions moved to larger size range as 
the graphite particles continued to grow, see Figure 12 (e).  The sizes of the eutectic 
graphite particles were catching up with the sizes of the primary graphite particles 
(compare Figure 12 (d) and (e)).  As a result, the second size distribution tended to merge 
into the first size distribution peak in the unquenched specimen, making it hard to 
differentiate the two different nucleation events as shown in Figure 12 (f).  There actually 
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existed a third distribution in Figure 12 (e) and Figure 12(f), which occurred during the 
later stage of eutectic reaction, see the small sized distribution (approximately between 1-
9 microns) in Figure 12(f), which suggests that there might be two eutectic nucleation 
events during the eutectic solidification.  Recoalescence during the eutectic reaction may 
slow the nucleation of graphite such that graphite growth dominates.  Upon further 
undercooling after recoalescence nucleation resumes creating third wave of nodule size.  
Statistical analyses over three thousands of graphite nodules shown in this study 
prove that there are multiple waves of graphite nucleation during ductile iron 
solidification.  Multiple nucleation events in a ductile iron have been previously reported 
by the authors [33, 39].  It should be noted that the number of size distributions on the 
graphs may vary depending on alloy composition, cooling rate, inoculation practice and 
nucleation practice [39] and that these observations are not unique.  Wetterfall et al. [40] 
mentioned successive graphite nucleation in quenching experiments and Lux et al. [8] 
discussed the progressive nucleation of graphite in an isothermal process.  
Graphite area percent, average graphite diameter and nodule count were 
determined for the same ~3,000 particles measured for each specimen.  Graphite area 
percent (see Figure 13 (a)) and average graphite diameter (see Figure 13(b)) and nodule 
count (Figure 13 (c)) did not show significant changes between five seconds and 11 
seconds, when many of the graphite nodules were exposed to liquid: (1) the graphite area 
fraction was 1.63% in the five-second quenched specimen and 1.54% for the 11-second 
quenched specimen; (2) the average graphite diameter was 4.68 μm in the five-second 
quenched specimen and 4.66 μm for the 11-second quenched specimen; (3) the nodule 
count was 829/mm
2
 for the five-second quenched specimen and 810/mm
2
 for the 11-
second quenched specimen.  The size distribution also showed little change between five 
seconds (see Figure 12(a)) and eleven seconds (see Figure 12(b)), prior to the eutectic 
reaction (corresponding to TEN at 18 seconds).  This implies that the graphite growth 
was insignificant before the initiation of eutectic reaction.  This might be a result of 
limited graphite growth in liquid under a non-equilibrium condition as previously 
suggested [5, 8].  Moreover, the populations of the graphite nodules in unit volume 
(nodule count) were slightly decreased between five seconds and 11 seconds, which 
might be a result of coalescence and “ripening” of the graphite nodules if no more 
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(a)      (b) 
    
(c)      (d) 
    
(e)      (f) 
Figure 12.  Graphite nodule size distributions in ductile iron quenched at five seconds (a), 
11 seconds (b), 26 seconds (c), 40 seconds (d), 60 seconds (e) and without quenching (f) 
 
 
graphite nodules were nucleated.  It was also possible that more graphite nodules 
continued to nucleate but the number count of newly nucleated graphite nodules was not 
able to compensate the loss due to particle coalescence and “ripening”.  Or perhaps the 
primary nucleation density is related to the presence of the inoculating agent, which may 
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also have a size distribution.  The liquid fractions were estimated on the etched 
micrographs using the Image-J software, and the liquid fraction continuously decreased 
during solidification as in Figure 14.   It should be noted that the liquid fraction would 
decrease to zero as the solidification ended at 53 seconds.  
Once the eutectic reaction began at 18 seconds, the graphite area fraction and the 
graphite particle sizes started to increase but the nodule count began to decrease.  Based 
on previous analysis, small sized graphite nodules (diameter smaller than six microns) 
were normally surrounded by liquid phase, while the graphite nodules engulfed by the 
austenite dendrites were larger in size.  As the eutectic reaction started, a higher fraction 
of graphite nodules were encapsulated in the austenite phase, and growth of the two 
eutectic phases, graphite and austenite, followed a divorced eutectic growth mechanism.  
The graphite area fraction and the graphite diameter apparently increased from 26 
seconds and onward, indicating the faster graphite growth during eutectic reaction than 
that before the eutectic reaction, as given in Figure 13 (a)-(b).  The graphite growth 
boosted as the graphite was growing inside the austenite phase.  In the specimens 
quenched after the initiation of eutectic reaction (18 seconds) but before the completion 
of solidification (53 seconds), small sized graphite nodules in contact with liquid were 
observed in the remnant liquid phase, which might be the graphite nodules nucleated in 
the remnant liquid phase during a second eutectic nucleation (a third nucleation event) 
event.  The nodule count decreased between 26 seconds to 60 seconds, which might be 
due to agglomeration of graphite nodules, or coarsening of graphite nodules in the same 
austenite dendrite.  Nodule count change between 11 seconds (810 /mm
2
) and 26 seconds 
(814 /mm
2
) was statistically insignificant. This implied that the decrease of graphite 
nodule count due to coarsening was compensated by the nucleation of graphite particles 
in the second nucleation event.  However, further drop of the nodule count resulted from 
coarsening or agglomeration was not compensated by further nucleation of graphite 
nodules in the remnant liquid after 26 seconds.  The nodule count dramatically decreased 
between 26 seconds (814 /mm
2
) and 40 seconds (425 /mm
2
), and the liquid fraction also 
showed a dramatic drop (from 0.53 at 26 seconds to 0.14 at 40 seconds) at the same time.  
The remnant liquid fraction was low (~0.14) in the 40-second quenched specimen, and 
majority of the graphite nodules were engulfed by the austenite phase, including those  
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(a)      (b) 
 
(c) 
Figure 13.  Area fraction (a), average graphite diameter (b) and nodule count (c) were 
determined over the area in which 3000 particles were counted.  The graphite area 
percent is 8.3% and the average graphite diameter is 15.3 microns, and the nodule count 
is 402 /mm
2
 for the unquenched sample, as indicated by the orange dashed lines 
 
 
later nucleated graphite nodules corresponding to the second size distribution 
(smallersizes), with only few small nodules in contact with liquid.   The later-nucleated 
graphite nodules (smaller than 10 μm in Figure 12(d) and smaller than 16 μm in Figure 
12(e)) continued growing.  Their sizes were approaching the sizes of the early nucleated 
graphite from 40 seconds to 60 seconds (larger than 10 μm in Figure 12(d) and larger 
than 16 μm in Figure 12(e)).   The average graphite particles diameter increased from 
10.0 μm to 13.8 μm between 40 seconds and 60 seconds, with a similar growth rate as 





and 60 seconds (409 /mm
2
) became insignificant as the end of 
solidification was approached.  It seemed that the growth of the later nucleated graphite 
nodules sped up once they were surrounded by the solid austenite phase.  It might also be 
possible that the larger-sized nodules grew at the expense of fine-sized graphite nodules 
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by Ostwald ripening, particularly once the graphite nodules were surrounded by the same, 
continuous austenite matrix.  Once this happens, the carbon activity in the austenite near 
the graphite particle is affected by the radius of curvature of the particle.  Smaller 
particles produce a higher carbon activity, driving diffusion from the small particles to 




Figure 14.   Liquid fraction continuously decreased until the end of solidification 
 
 
After the metal completely solidified at 53 seconds, change of the nodule count 
became small but the graphite nodules kept growing during solid state reaction, during 
which the carbon atoms from adjacent austenite added onto the graphite nodule as the 
solubility of carbon in austenite decreased with temperature and the depleted region 
adjacent to the nodule transformed to ferrite at the final eutectoid end temperature. The 
graphite area percent increased from 7.1% in the 60-second quenched sample to 8.3% in 
the unquenched sample, and the graphite diameter increased from 13.8 μm in the 60-
second quenched sample to 15.3 μm in the unquenched sample.  This implies the growth 
of graphite nodules during solid state reaction after solidification.  The insignificant 
change on nodule count (from 409/mm
2 
in the 60-second quenched sample to 402 /mm
2 
in the unquenched sample) indicated that there was negligible graphite particle 
coalescence/coarsening that occurred during the solid state reaction.  
The shape of the austenite shell around graphite was approximated to be quasi-
spherical, thus a 2-dimension section of the austenite shell is approximately round.  
Austenite shell thickness was statistically measured for 100 particles from the quenched 
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sample on the etched micrographs using the ImageJ software, as shown in Figure 15.  
The minimum austenite shell thicknesses for five-second, 11-second, 26-second and 40-
second specimens equaled zero, because of the existence of the graphite nodules fully in 
contact with liquid without the surrounding austenite shells.   Liquid fraction was zero for 
the 60-second quenched specimen after the solidification completed at 53 seconds, and 
the austenite shell structure was not recognizable in the 60-second quenched specimen.  
Based on Figure 15, the austenite volume expanded concurrently with the growth of 
encapsulated graphite inside the austenite. 
Austenite Engulfment and Interface Instability.  Swain and Bates [31] have 
shown previously that the graphite-liquid interfacial energy is higher in ductile iron (1460 
erg/cm
2
) than that in gray iron (1270 erg/cm
2
).  Many studies have shown that droplets of 
liquid ductile iron did not wet graphite at a temperatures below 1473-1773K (1200-
1500
o
C) [30-31, 41-42].  The contact angle (larger than 90 degrees) of liquid iron alloy 
on a graphite substrate increased with decreasing temperature [42].  Therefore, the 
graphite-liquid interface in ductile iron is not stable and upon contact with austenite the 
graphite nodule would become engulfed.  Based on reference 43, austenite engulfment 
around graphite nodules requires the graphite-austenite interfacial energy to be lower 
than the graphite-liquid interfacial energy.  Therefore, engulfment of graphite nodule by 
austenite results from instability of graphite-liquid interface.  
One may argue that the austenite should nucleate on a graphite nodule, because of 
the high graphite-liquid interfacial energy.  It is challenging to prove or disprove this, 
because of the difficulties on finding the nucleus for an austenite dendrite on the polished 
sections.  However, based on the size distribution data it is possible some graphite 
particles in the 6-10 m size range could be nucleating austenite, depending on local 
undercooling.   It was also possible that there were many more suitable nucleation sites 
for austenite in the liquid than graphite nodules, such as nitrides, spinels, and sulfides.  In 
any event the austenite dendrites were found to be separated from graphite nodules in the 
liquid during early solidification stages.  
Deep Etching Results and the Graphite Growth Mechanism.  The five-second 
quenched specimen from the tubular sampler was deep etched for extracting the graphite 








quenched specimen taken with a spherical sampler and an unquenched specimen sampled 
with a spherical sampler (which have slower cooling rate than the tubular samplers) were 
also deep etched for extracting the graphite particles retained at their intermediate growth 
stages and at their later growth stages.  
Examination of the graphite nodules extracted by the deep etching method 
revealed differences in the surface features of the different sized spheroidal graphite 
particles which could relate to changes in growth mechanism.  For example, growth 
ledges/steps/fronts made of curved graphene layers wrapping around the surfaces were 
observed in the small sized graphite particles, as indicated by the arrows in Figure 16(a) 
and (b),  and no substructures were evident in the small sized graphite nodules.  The 
diameters of the graphite particles are six microns and nine microns in Figure 16(a) and 
Figure 16(b), respectively.  The growth steps observed on the particle surfaces were 
faceted and they propagated circumferentially around the surfaces of the spheroidal 
graphite particles.  Multiple growth steps were seen on the surface of a small sized 
graphite nodule, and hole-like defects were observed in the small sized graphite nodule in 
Figure 16(a) (highlighted with the dashed circle).  In a spheroidal graphite particle of 20 
μm diameter as shown in Figure 16(c), growth steps and gap-like defects (in the dashed 
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circle) were discernible at the surface.  Many gap-like defects were seen in a spheroidal 
graphite particle of 31 μm diameter, as shown in Figure 16(d).  These gaps divide a 
graphite nodule into conical substructures.  Radially oriented conical substructures were 
distinct in the large sized graphite nodule.  Faceted growth steps stacked along the radial 
directions of the nodules were identified either on the surface or in the gaps (see Figure 
17) for a large sized graphite nodule.  Examples are given for a graphite nodule of 74 μm 
diameter (see Figure 16(e)) and a graphite nodule of 80 μm diameter (see Figure 16(f)).  
Based on these observations, initially the curved graphene layers grew 
circumferentially around the entire surface of a spheroidal graphite particle during its 
early growth stages.  It has been seen that the sources from which the growth ledges 
proceeded from were not singular.  There were multiple sources in a graphite nodule and 
multiple growth ledges proceeded simultaneously to cover the entire surface of a nodule 
in the early stage.  The surface area of a small sized graphite nodule is small and thus 
more rapid and complete coverage occurred as the growth fronts propagated 
circumferentially on the surface, even though not many growth sources were available.  
Growth fronts from multiple sources would grow until they met.  It should be noted that 
the curvature of a spheroidal graphite particle was large when the diameter of a nodule 
was small, and many crystallographic defects were required to accommodate the high 
curvature.  Otherwise holes or small gaps would form due to the mismatch between the 
growth fronts growing from different sources.  
These observed defects and holes may be related to the transition from high 
coverage sheets to conical substructures.  Multiple holes might join together as gaps and 
the gaps became deeper and wider during graphite growth.  The number count of the 
sources for the growth steps might increase as the surface area of the graphite nodule 
increased during growth depending on local undercooling.  More gaps would form when 
more of the growth fronts met but the disregistry was too big to be accommodated by a 
crystallographic defect.  The movement range of the growth front seemed confined by 
these wide gaps, i.e., the growth front cannot grow past these wide gaps.  Gaps due to 
mismatch became more evident, and a graphite nodule was divided into conical 
substructures in the later growth stages, even though the curvature became smaller for a 
larger sized graphite nodule compared to that for a smaller sized graphite nodule.   
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Based on the literature, the basal planes of the graphite lattice are normal to the 
radial directions of a spheroidal graphite particle [24-25], i.e., the surface of a graphite 
nodule is mainly made of basal planes.  The growth front surfaces which are 
perpendicular to the radial directions of a nodule are made of prismatic planes.  It can be 
seen that the growth fronts were always propagating circumferentially to the nodule over 
early growth stages, or at the surface of the conical substructure at later growth stages but 
stopped at the gaps when the mismatch was too big to be accommodated.  More graphene 
layers were added onto a graphite particle when the growth fronts continued to sweep 
over the surface of a substructure, and as a result the size of the particle increased but the 
net growth direction was along the -c- direction (normal of basal plane). 
When a graphite nodule was fully in contact with the liquid phase, stress on the 
graphite nodule from liquid could be small and uniform along different directions and 
graphene layers would grow more uniformly.  However, encroaching austenite produced 
an anisotropic carbon concentration field around a graphite nodule, and growth of the 
nodule became uneven.  When the solid matrix surrounded a nodule, growth of the 
graphene layers depended on the carbon diffusion in the matrix, which might vary with 
different crystallographic directions for the matrix.  Moreover, the nodule might be in an 
anisotropic stress field depending on the crystallographic orientation of the matrix.  The 
travelling distance of a growth step was restricted by carbon diffusion and the growth of a 
step could not reach the entire surface any more.  Meanwhile, the nodule tended to 
spheroidize in order to minimize the interfacial energy. Therefore, many conical 
substructures formed in a nodule.  Protrusion of conical substructure might be related to 
partial austenite engulfment, when impurity elements segregated in the liquid phase and 
lowered down the melting point of remnant liquid.  This left a liquid channel next to the 
graphite, and the graphite-austenite eutectic growth might be more competitive at this 
position.  In these circumstances, the conical substructures in contact with liquid would 
grow faster which became longer than the others in a graphite nodule, and an example is 
given in Figure 18.  Protuberance of the conical substructure might initiate the formation 
of degenerate graphite like a compacted shaped graphite particle.  The impurity elements 





(a)     (b)    
  
(c)     (d) 
  
(e)     (f)  
Figure 16.  Secondary electron microscopy images of graphite particles extracted by deep 
etching. Diameters of the particles are six microns (a), nine microns (b), 20 μm (c), 33 
μm (d), 74 μm (e) and 80 μm (f), respectively.  (a) and (b) were from the five-second 
quenched specimen using the tubular mold, and (c)-(d) were from the directly quenched 
specimen using a spherical sampler, and (e) and (f) were from the unquenched specimen 




Figure 17.  A magnified image of the region outlined by the dotted box in Figure 16(f).  
Faceted growth ledges developed from different sources stopped growing at the gaps 
which were originally filled with matrix.  The matrix was removed during deep etching.  
Growth ledges made of graphene layers in each conical substructure stacked on each 




Figure 18.  A conical substructure (indicated by the arrow) protruding longer than the 





The structures of a ductile iron alloy during early solidification stages supported a 
divorced eutectic solidification model, without coupled growth of graphite and austenite 
at the solid/liquid front.  The spheroidal graphite particles were isolated from liquid phase 
by an austenite shell after early solidification stages. The following phenomena were 
observed in the studied specimens: 
(1) nucleation of the majority of graphite nodules and nucleation of austenite dendrites 
were independent;  
(2) graphite might nucleate austenite from the stand point of instability of graphite-liquid 
interface, but no direct evidence was found in this study to support it; 
(3) graphite nodules were either trapped in between the austenite dendrite arms or 
encapsulated by the tip of the austenite dendrite arm;  
(4) multiple graphite nodules were engulfed by a single austenite dendrite;  
(5) graphite nodules grew inside the solid austenite phase after the austenite fully 
engulfed the nodules. 
  Diameters of graphite particles were small and their growths were limited when 
the graphite nodules were in contact with the liquid.  The graphite diameter 
corresponding to austenite shell completion was statistically determined to be six to ten 
microns.  Graphite nodules without the complete austenite shells were less spherical than 
the graphite nodules with the complete austenite shells, which might be a result of an 
anisotropic carbon concentration field around the graphite nodule.  Significant graphite 
growth and graphite particle coalescence/coarsening occurred after the austenite finished 
engulfing the graphite nodules.  Graphite continued to grow during solid state phase 
transformation without too much change on the graphite nodule count.  The statistically 
determined graphite size distribution for each specimen indicated a primary nucleation 
event and two eutectic nucleation events.   
The growth of graphite nodules proceeded (1) initially by growing curved 
graphene layers circumferentially around the entire surface with few sources for growth 
ledges, and (2) later on by growing graphene layers circumferentially within many 




formation might result from the large mismatch between growth fronts or the matrix  
constraint, either diffusion wise or strain wise.  
Ductile iron used in this study is a hypereutectic alloy, thus the solidification 
process may be different for a hypoeutectic iron alloy or a eutectic iron alloy, which 
needs further investigation.  To better understand the growth of a spheroidal graphite 
particle, the future work will examine the internal crystallographic structures and defects 
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Quenching experiments were conducted to capture spheroidal graphite particles at 
early and intermediate growth stages for ductile irons. Smaller sized spheroidal graphite 
particles at early growth stages were fully or partially in contact with liquid phase. 
Spheroidal graphite particles at intermediate or late growth stages were surrounded by 
complete austenite shells, or complete shells made of transformed austenite. Faceted 
growth ledges were observed on the surfaces of the spheroidal graphite particles which 
were extracted using a deep etching method. The growth ledges grew along the 
circumferential directions of the particles. No substructure was observed in the small 
sized spheroidal graphite particles. Conical substructures appeared in the graphite 
particles at intermediate growth stages, which might be related to the surrounding phases 
of the graphite particles. 
 
 
1.  Introduction 
In a graphitic cast iron alloy, part of the carbon is in the form of graphite, and 
graphite is one of the constituent phases in cast iron. The graphite phase in the cast irons 
may take different morphologies including spheroidal/nodular, vermicular, and flake, 
depending on the cooling condition and the composition of the alloy [1-6]. Similarly, 
formation of different graphite morphologies also occurs in the nickel alloys [7-11]. The 
internal structures of differently shaped graphite particles reflect their differing growth 
mechanisms.  
The structures of flake graphite in the metallic alloys have been well-studied 
using transmission electron microscopy (TEM) [7-8, 12].  Previous studies reveal that a 
flake graphite particle is bounded with the metallic matrix by the basal planes (the plane 
normal direction is the -c- direction) on the broad faces, and the flake graphite 
preferentially grows along the prismatic directions (both the <10͞10> and the <11͞20> 
prismatic directions were reported) [7-8, 12, 13, 14]. Certain types of crystallographic 
defects such as c-axis rotation faults [7-8, 12, 15] and twining events [7-8] have been 
characterized in the flake graphite from iron alloys and nickel alloys. 
It has been previously reported that a spheroidal graphite particle was bounded 
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with the matrix mainly by the basal planes on its surface, with their c-axes approximately 
parallel to the radial direction of the particle [15-19].  The net growth direction for a 
spheroidal graphite particle was along the -c- directions. Growth steps/ledges were 
occasionally observed on the surface of a spheroidal graphite particle. Some studies 
proposed that the graphene layers grew along the prismatic directions around the screw 
dislocations in a spheroidal graphite particle, and the apparent net growth direction 
resulted along the -c- directions [20-21]. The internal structures for a spheroidal graphite 
were observed to be quite complex with some rosette like sub-structures on the polished 
cross section, as shown in Fig. 1.  An early but most generally accepted theory by Double 
and Hellowell [9] mentioned that the spheroidal graphite consisted of radially oriented 
cone-helix sub-structures, based on the empirical observations.  Fig.2 is a schematic 
model after Double and Hellowell’s theory. However, the knowledge about the detailed 
internal structures (crystallographic structures and defects) of a spheroidal graphite 
particle in the cast alloy is limited.   
Very limited TEM studies have been conducted to understand the internal 
structures of the spheroidal graphite particles in iron alloys or nickel alloys, due to the 
difficulties associated with the TEM specimen preparation.  Even though the selected 
area diffraction (SAD) patterns were occasionally obtained from the spheroidal graphite 
using the TEM, very limited crystallographic characterizations have been conducted on 
the SAD patterns because of the complexity of the analyses.  In the studies by Miao et al., 
the structures of spheroidal graphite particles (nodular graphite) in a ductile iron were 
examined using the TEM [18-19].  According to their observation, a spheroidal graphite 
particle consisted of many radially distributed conical substructures.  The angle between 




 (but the 
zone axes were not specified in their measurements).  Inside each conical substructure, 
there were many ~0.1 μm thick parallel platelets of ABC-rhombohedral (3R) structure. 
The c-axes of the 3R platelets were approximately parallel to the radial directions but 
they were rotated for two degrees over a one-micron length along the radial direction.  
Randomly orientated interplatelets of AB-hexagonal (2H) structure were observed inside 
the skeleton made of 3R structure in Miao et al.’s study [18-19].  Kiani-Rashid and 
Rounaghi [21] also showed similar platelet and interplatelet features in a spheroidal 
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graphite TEM specimen extracted from a ductile iron, but there was no detailed 
crystallographic information about the graphite in this study.  It should be noted that the 
TEM specimens in both Miao et al’s study [18-19] and Kiani-Rashid and Rounaghi’s 
study [21] were mechanically thinned prior to the ion thinning.  Considering that the 
bonding ((bonding energy is 7 kJ/mole) between graphite basal planes is weak which 
makes the graphene layers easily separated and sheared, and the crystal structure of 
graphite can be modified.  Therefore, there is a possibility that the graphite structures in 
Miao et al.’s study [18-19] and Kiani-Rashid and Rounaghi’s study [21] had been 
modified due to the mechanical thinning.  
In comparison, when the thin foil TEM specimens were removed from the 
spheroidal graphite particles in the as-cast ductile iron and the heat-treated ductile iron by 
Focused Ion Beam (FIB) milling, platelet and interplatelet features were not observed in 
the graphite, based on Monchoux, Verdu, Thollet, Fougères and Reynaud’s TEM work 
[22]. They found conical substructures divided by radial defects (radial boundaries) in 
their TEM specimens. They postulated that there were peripheral twist boundaries that 
divided a conical substructure (10 μm wide) into smaller crystallite grains (one micron 
thick and 2-4 μm wide).  The radial boundaries in their specimens were thought to be 
mainly low angle boundaries.  Basal plane tilt about the <11͞20> axes for ~11 degrees 
were observed across these low angle boundaries, and a coherent twin boundary with 
~40
o
 tilt angle between the basal planes was also shown in their study [22].  By analyzing 
the SAD patterns in reference 22, the structure for the heat treated graphite nodule should 
be mainly the 2H structure.  However, a mistake was made on characterizing the SAD 
pattern: SAD pattern for the 3R structure was not recognized but treated as for a 2H 
structure [22].  
The preliminary goal of this study is to study the structures of spheroidal graphite 
particles during their early and intermediate growth stages.  The graphite particles at two 
different growth stages were retained by quenching the ductile iron using two mold 
designs with different cooling rates [23].  The quenching experiments and some 
preliminary results will be shown in this paper.  
It is generally accepted that the crystallographic defects play important roles in 
the spheroidal graphite growth [7-9, 18-19, 24-25]. The internal structures of a spheroidal 
  
79 
graphite particle are highly defective, with the radially distributed boundaries and the 
peripherally distributed boundaries which merit more investigations. The way that the 2H 
and 3R structures arrange in a spheroidal graphite particle is not fully understood and 
needs to be revaluated.  Examination of internal structures in spheroidal graphite particles 
at high resolution was performed using a TEM system.  In order to minimize the 
modification of the spheroidal graphite structure in this study, TEM specimens were 
prepared using FIB milling method, instead of mechanical thinning method adopted in 
the literature.  The TEM examinations on the spheroidal graphite particles in ductile irons 
will be discussed in the Part II of this paper.  The detailed method of characterizing the 
crystallographic structure of graphite (mainly AB-hexagonal structure and ABC-





Fig. 1.  Dark field optical microscopic image of a spheroidal graphite particle with radial 








2.  Experimental Procedure  
2.1.  Melting and sampling   
Two mold designs of different cooling rates were adopted for the quenching 
experiments: (1) the tubular molds made using the 10 mm inner diameter quartz tubes 
(see Fig. 3(a)) and (2) the spherical molds of 38 mm inner diameter and made using the 
ceramic slurry (see Fig. 3(b)).  Two holes, working as the metal inlet and the gas vent 
were made on the side of a tubular mold. Two channels were made on a spherical mold as 
the metal inlet and the gas vent.  Thermocouples were pre-installed at a position of 55 
mm from the quenched end (in the middle of the cross section) of the tubular mold, and 
in the center of the spherical mold.  
The iron alloys were melted in a 200-lb induction furnace under argon protection. 
The charge materials included high purity induction iron (0.002% C, 0.006% sulfur (S)), 
pig iron (4.2% C, 0.17% Si, and 0.006% S), Fe75Si (75% Si) and graphite (99.9% purity). 
The liquid metal was tapped in a 200-lb ladle at 1520
o
C and treated with inoculant (73% 
Si, 4% Al, and 1% Ca) and ferrosilicon-magnesium (46% Si, 4.3% Mg). The 
compositions of the ductile iron heats were measured with a Verichek Foundry-Master 
UV arc spectrometer.  Carbon and sulfur contents were determined using a Leco CS600 
combustion analyzer, as given by Table.1.  Ductile iron alloys with similar compositions 
were studied in two experimental heats using two mold designs.  
The molds were preheated by immersing their bottom ends (for a depth of one-
inch) in the liquid metal for ten seconds before they were fully immersed in the liquid 
metal at 1380
o
C. The liquid metal was sampled using the tubular quartz molds in Heat A 
and using the spherical ceramic shell molds in Heat B, and both samples were quenched 
from liquid state in the iced brine.  An unquenched sample was also taken as a 
comparison to the quenched sample in each heat.  The cooling curves of the quenched 
sample compared with the unquenched sample of Heat A and Heat B are shown in Fig. 
3(c) and Fig. 3(d), respectively.  The different cooling rates of the ductile iron alloy in 
two different mold designs allowed retaining the spheroidal graphite particles at different 
growth stages.  This study is mainly focused on the spheroidal graphite growth in its early 
and intermediate growth stages, and thus the analyses will be mainly about the quenched 
samples in the following parts. 
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Table 1.  Chemical compositions (wt.%) of the iron alloys 
 Leco C Leco S Si Mn Al Mg Ni 
Heat A 3.67 0.0072 2.3 0.3 0.03 0.046 0.04 
Heat B 3.67 0.0043 2.4 0.3 0.02 0.047 0.03 
 
 
   
 (a)                                                (b) 
  
(c)                                                (d) 
Fig. 3.  A tubular quartz mold (a) and A spherical shell mold (b) used for the quenching 
experiments. Cooling curves of the quenched sample and the unquenched sample using 
the tubular molds in Heat A(c) and using the spherical molds in Heat B(d) 
 
 
2.2.  Metallography and automated feature analyses 
Metallographic specimens were obtained as close to the tip of the thermocouple as 
possible (within 2 mm).  The specimens were ground and polished following the standard 
metallography procedures with the aim of retaining the graphite structure.  As-polished 
microstructures were examined by optical microscopy.  The as-polished specimens were 
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also examined using a scanning electron microscopy system equipped with electron 
dispersive X-ray detector and Automated Feature Analysis software (SEM-EDX-AFA).  
The AFA software documented nodule count, compositional spectrum, coordinates, area, 
maximum diameter (DMAX), and minimum diameter (DMIN) of each particle.  Average 
diameter (DAVE) of a particle was determined by averaging intercept lengths measured 
along eight directions in each particle.  The total nodule count was approximately 3000 
for the sampling in each specimen, and statistical analyses were performed on the entire 
population measured.  Matrix microstructures were examined using optical microscopy 
after etching the specimens with 1% nital. 
 
2.3.  Deep etching and HRSEM 
Graphite nodules were extracted by deep etching method for each sample. Deep 
etching was performed using a one gram specimen that was cut from next to the 
metallographic specimen.  The one gram specimens were deep etched in boiling 
concentrated hydrochloric acid to remove the matrix.  The graphite particles were 
extracted and rinsed with ethanol, and then they were transferred onto the carbon tapes.  
High resolution electron microscopy (HRSEM) examination of the graphite nodules was 
performed using a Helios Nanolab 600 FIB system. 
 
 
3.  Experimental Results and Discussion  
As-polished microstructures of the quenched specimens for Heat A and Heat B 
are given in Fig. 4(a) and Fig. 4(b), respectively.  Etched microstructures of the quenched 
specimens for Heat A and Heat B are given in Fig. 4(c) and Fig. 4(d), respectively.  
Liquid present upon quenching transformed to ledeburite structure (white iron).  
Austenite formed during solidification transformed to pearlite, bainite or martensite upon 
quenching, depending on the imposed cooling rate during specimen quenching.  Graphite 
nodules exposed to liquid are observed in Fig. 4(c), and some graphite nodules are 
partially in contact with the austenite dendrites.  Graphite nodules in contact with liquid 
were also observed in Fig. 4(d), but most of the graphite nodules were surrounded by the 
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austenite shells.  The graphite nodules in contact with liquid are much smaller in sizes 
than the graphite nodules with complete austenite shells in Fig. 4(d).  It has been reported 
[23] that the graphite particles initially nucleated in liquid independently from the 
austenite dendrites, and the graphite nodules were engulfed by the austenite dendrites 
after the graphite particles reached certain sizes during the early solidification stages of 
ductile irons.  The graphite diameter corresponding to the completion of the austenite 
engulfment was statistically determined to be six to ten microns in a previous study [23].  
A graphite nodule of three microns diameter which was in contact with liquid phase from 
the tubular sample, and a graphite nodule of 30 microns diameter which had a complete 
surrounding austenite shell from the spherical sample were selected for the TEM 
examinations, and the details are given in the Part II of this paper.  
The authors have reported that the sizes of the graphite particles reflect the growth 
stages of the graphite particles based on the quenching experiment. [23]  The statistically 
determined graphite particle size distributions for two quenched specimens using tubular 
sampler and spherical sampler are shown in Fig. 5(a) and Fig. 5(b), respectively.  Smaller 
sized spheroidal graphite particles were observed in the specimen from tubular sample.  
Graphite nodules with diameters less than 10 microns were regarded to be retained at 
their early solidification stages, according to the previous study [23].  Most of the 
graphite particles in spherical sample were larger than those in tubular sample, with few 
small sized graphite nodules which formed during a second nucleation event [23].  
Graphite nodules with diameters larger than nine microns and smaller than 50 microns 
were retained at their intermediate solidification stages.   
The surface features of the spheroidal graphite particles were revealed after deep 
etching.  Faceted growth steps/ledges were seen on the surfaces of the spheroidal graphite 
particles, both in the smaller sized graphite nodules from tubular sample, and in the larger 
sized graphite nodules from spherical sample. Figures 6(a)-(c) show the secondary 
electron images of three smaller sized spheroidal graphite particles from tubular sample, 
and their diameters are six microns, seven microns and nine microns, respectively. 
Figures 7(a)-(c) shows three larger sized spheroidal graphite particles from spherical 
sample, and their diameters are 22 microns, 32 microns and 33 microns, respectively. 
Based on statistical analysis of austenite surround or liquid [23], the smaller particles 
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(diameters smaller than ten microns) in Fig. 6 should represent growth in contact with the 
liquid, while the larger particles (diameters greater than ten microns) in Fig. 7 represent 
the growth after engulfment by austenite.  Growth ledges/steps were indicated by the 
yellow arrows in Fig. 6 and Fig. 7.  It can be seen that these growth steps grew along the 
circumferential directions of a spheroidal graphite particle.  The surface of the spheroidal 
graphite in the ductile cast irons is mainly made of the basal planes due to a lower 
interfacial energy on the basal planes [26].  Therefore, the leading fronts of the growth 
steps (the planes perpendicular to the particle surface) are likely the prismatic planes.  
Therefore, these circumferentially growing steps proceeded along the prismatic 
directions.  Multiple parallel growth steps stacked on each other were observed on the 
surface of a spheroidal graphite particle from tubular sample, as shown in Fig. 8.  The 
growth directions appear to be approximately the same for these parallel growth steps.  
 
 
    
(a)                                                (b) 
   
(c)                                                (d) 
Fig. 4.  As-polished microstructures of quenched ductile irons using tubular sampler(a)  
and spehrical sampler(b)  and etched microstructures of quenched ductile irons using 




(a)                                                (b) 
Fig. 5.  Graphite particle size distributions determined on the quenched specimens from 
tubular sample (a) and spherical sample(b). 
 
A fewer number of growth steps were seen in a spheroidal graphite particle at 
early growth stage, compared to the one at intermediate growth stage.  The surfaces of 
these small sized graphite particles from tubular sample were smoother than the surfaces 
of the larger sized graphite particles from spherical sample.  No evident substructure was 
observed in the spheroidal graphite particles at early growth stages for tubular sample.  
Evidence of screw dislocation sources were found on the surfaces of the spheroidal 
graphite particles and one example is indicated by the red arrow in Fig. 6 (b).  Around the 
screw dislocation, carbon atoms added to the graphite prismatic planes and the graphene 
layers grew spirally, but the net growth direction for the particle was along the c-axis.  
Some ridge-like patterns were seen across the surfaces of smaller sized spheroidal 
graphite particles, and an example is given in Fig. 9.  The surfaces of these ridges may be 
either basal planes tilted across the ridges, or high indexed planes at some angles with the 
basal planes.  
More number counts of growth steps were observed in a graphite nodule at 
intermediate growth stage from the spherical sample.  Carbon accretion continued along 
the prismatic directions at the growth steps.   Growth directions of the steps were still 
along the circumferential directions of the larger sized graphite nodules.  However, the 
surfaces of these larger sized graphite nodules appeared discontinuous.  Gaps formed in 
the graphite nodules at intermediate growth stages from the spherical sample and these 




 (a)                                                (b) 
 
(c) 
Fig. 6.  Faceted growth ledges/steps on the surfaces of the spheroidal graphite particles at 
early growth stages from Heat A. The growth steps are highlighted by the yellow arrows. 
Growths of the growth steps made of graphene layers are along the circumferential 
directions. The diameters of the particles are (a) six microns, (b) seven microns, and (c) 
nine microns, respectively. A screw dislocation source is indicated the red arrow in (b) 
 
substructures indicate that growths of steps stopped at the gap and growth of steps in 
different conical substructures were independent.  Mismatch between growth steps in a 
single conical substructure was able to be accommodated by defects.  However, the large 
mismatch between the conical substructures could not be accommodated, thus a gap 
formed.  It was also possible that these gaps were caused by impurity elements 




(a)                                                (b) 
 
(c) 
Fig. 7.  Faceted growth ledges/steps on the surfaces of the spheroidal graphite particles at 
intermediate growth stages from Heat B, as highlighted by the yellow arrows. Growths of 
the growth steps made of graphene layers are along the circumferential directions. The 
diameters of the particles are (a) 22 microns, (b) 32 microns and (c) 33 microns, 
respectively 
 
Different structures for graphite nodules at different growth stages indicated that 
the graphite growth mechanism varied with growth stages.  Transition of graphite growth 
mechanism may be related to the decreasing carbon diffusion rate as the temperature 
decreased or the surrounding phase changed from liquid to austenite (solid) during 
solidification.  Initially at a higher temperature when the carbon diffusion was faster 
(especially in liquid), a growth step could swiftly grow passing the entire surface of a 
nodule because of a small surface area.  However, carbon diffusion slowed down at lower 
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temperatures especially when a nodule was surrounded by austenite.   The travelling 
distance of a growth step was restricted by carbon diffusion and the growth of a step 
could not reach the entire surface any more.  Therefore, step could only grow locally.  
New growth steps could nucleate on the graphite surface.  There would be many growth 
steps on the nodule surface, which means many local growth events occurred 
simultaneously in a nodule.  When two growth fronts met together and a boundary or 
even a gap formed between them.  As a result, substructures appeared in a graphite 
nodule.   
 
 
Fig. 8.  Parallel growth steps on the surface of a spheroidal graphite particle, as indicated 
by the yellow arrows 
 
Different conical substructures in the same spheroidal graphite particles may grow 
differently, and some of the conical substructures grew faster than the others.  The 
uneven growths of the conical substructures in a graphite particle may lead to a 
degenerated morphology like the compact shape.  Fig. 10 shows an example of a graphite 
nodule with multiple overgrown conical substructures.  The different growth conditions 
of substructure might be related to impurity segregations, because the level of impurities 




Fig. 9.  Ridge like patterns (as highlighted by the red arrows) on the surface of a 




Fig. 10.  A graphite nodule with multiple protruded conical substructures, as indicated by 
the red arrow 
 
impurities might maintain a liquid channel which was connected to a graphite nodule. 
Graphite tended to grew and protruded into liquid, which would lead to a degenerate 
graphite morphology.  
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It should be noted that the conical substructure is different from the fan-like 
substructure in Miao et al.’s and the conical substructure in Monchoux et al.’s studies, 
because the dimension of the conical structure in this study (10-20 microns wide on the 
surface) is much bigger than the dimension of a conical substructure in literature (few 
microns wide).   
 
 
4.  Summary  
Spheroidal graphite particles at early growth stages were smaller than ten microns 
in diameter, and they were either fully or partially in contact with liquid.  Austenite shells 
would surround the spheroidal graphite particles as the two phases contacted with each 
other.  Spheroidal graphite particles at intermediate growth stages or later growth stages 
were completely isolated from liquid by the austenite shells.  
Faceted growth steps were observed on the surfaces of the spheroidal graphite 
particles.  The growth steps grew along the circumferential directions of the particles.  No 
conical substructure was observed in the small sized (less than ten-micron diameter) 
spheroidal graphite particles at early growth stages.  Conical substructures separated by 
gaps (which were filled by the matrix) showed up in the graphite particles of intermediate 
diameter (larger than ten microns).  Growths of conical substructures in a single graphite 
particle were not identical.  Protruding of the conical substructures over the other conical 
substructures in a spheroidal graphite particle initiated the formation of degenerated 
graphite particle.  
A graphite nodule in contact with liquid phase and a graphite nodule fully 
surrounded by the austenite shell were chosen for TEM examinations.  The TEM study 
will be discussed in detail in the Part II of this paper. 
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Graphite structures vary for different growth stages of a graphite nodule in ductile 
iron.  Curved graphene layers were observed in the regions formed during the early 
growth stages in the graphite nodules.  No evident substructure was found in the regions 
formed during the early growth stages in the graphite nodules.  Columnar substructures 
consisting of parallel peripheral grains were found in the outside region of graphite 
nodule which was formed during the intermediate growth stages.  A columnar 
substructure was composed of straight graphene layers.  Crystallographic orientation of 
graphite showed little change through a peripheral grain.  The c-axes of peripheral grains 
in a single columnar substructure were parallel.  A method for characterizing the crystal 
structures of graphite based on the selected area diffraction pattern was introduced.  Both 
hexagonal structure and rhombohedral structure were found in the spheroidal graphite 
particles.  Possible crystallographic defects associated with hexagonal-rhombohedral 
structure transition were discussed.  Schematic models for introducing tilt angles to the 
graphite lattice with the basal plane tilt boundaries were constructed. 
 
 
1.  Crystallographic Structures of Graphite 
Crystalline graphite consists of a series of parallel graphene sheets (each plane is 
crystallography considered a basal plane) separated by a distance of ~0.33-0.36 nm.  The 
carbon atoms within a basal plane are bonded by the sp2-hybridized bonds in threefold 
symmetry.  An intraplanar sp2-hybridized bond (bonding energy is 524 kJ/mol) is much 
stronger than an interplanar Pi bond (bonding energy is 7 kJ/mole) between the carbon 
atoms in the adjacent basal planes [1].  The weaker Pi bond may account for variation of  
basal plane stacking sequences in the graphite.  The crystal structures of graphite vary 
accordingly to the different basal plane stacking sequences, which include the AA-
hexagonal structure, the AB- hexagonal structure and the ABC- rhombohedral structure.  
An AA-hexagonal structure is thought to be energetically unstable which is unlikely to be 
present in the natural graphite, but the AA-hexagonal structure was reported to be 
possible in synthetic Li intercalated graphite [2].  Experimentally observed crystal 
structures in graphite are commonly the AB-hexagonal structure (space group 194, 2H 
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structure) and the ABC-rhombohedral structure (space group 186, 3R structure) [1].  The 
schematics for carbon atom arrangements in the 2H graphite and in the 3R graphite are 
viewed as normal to the basal plane (along the [0001] direction), along a [12͞10] prismatic 
direction, and along a [10͞10] prismatic direction shown in Fig. 1(a)-(f).  
 
           
(a)                                               (b) 
   
(c)                                               (d) 
   
(e)                                               (f) 
Fig. 1.  Schematics for atom arrangements in the 2H graphite (a,c and e)  and in the 3R 
graphite (b,d and f) (a) and (b) are viewed along the <0001> directions; (c) and (d) are 
viewed along the <͞12͞10>directions; (e) and (f) are viewed along the <10͞10> directions.  
A coordinate system is defined by the unit vectors, 𝑎1⃗⃗⃗⃗ ,  𝑎2⃗⃗⃗⃗  and 𝑐 ⃗⃗ :  𝑎1⃗⃗⃗⃗  = 
1
3




a <͞12͞10>, and 𝑐 ⃗⃗  =c [0001].   𝑎3⃗⃗⃗⃗  = 
1
3
a [͞1͞120].  c equals 0.6710 nm in a 2H structure, 
and c equals1.006 nm in a 3R structure.  The circles do not represent actual atom size, 
and the line connecting two atoms does not represent the actual bond between atoms 
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In this paper, a similar coordinate system is chosen for the 2H graphite and the 3R 
graphite: the in-basal-plane unit vectors are 𝑎1⃗⃗⃗⃗  ,  𝑎2⃗⃗⃗⃗  and 𝑎3⃗⃗⃗⃗ , of direction [2͞1͞10[, [121͞0], 
and [͞1͞120], respectively, and each has a length equal to the hexagon width, as shown in 
Fig. 1(a) and (b); the c-axis ([0001]) is along the normal direction of the basal planes.  
Analyses in this chapter assumed the same lattice parameters for a 2H graphite and a 3R 
graphite: (1) the hexagon width a equals 0.246 nm and (2) the basal plane spacing c0 
equals 0.335 nm [3-4].  It should be noted that the c-spacing of different graphite 
structures vary based on the periodicity along the c-axis, i.e., the minimum number of 
repeated basal planes: it is equal to 2c0, 0.6710 nm, in a 2H structure; the c-spacing is 
equal to 3c0, 1.006 nm, in a 3R structure.  The A, B and C positions regarding to the 
stacking sequence of the graphite lattice are linked by a translation vector equal to 
1
3
a<10͞10> in this coordinate system.  For example, an A-position changes to a B-position 
by translating the lattice for a 
1
3
a<10͞10> vector, and a B-position is translated to a C-
position by the same vector.  
The basal plane stacking sequence for an AB-hexagonal structure (2H) is known 
to be the thermodynamically most stable stacking sequence for graphite and is thought to 
be the only possible structure in the natural pure graphite [1].  The ABC-rhombohedral 
structure (3R) can be produced by mechanical, chemical, or thermal treatment of the 
natural graphite, and this 3R structure was observed to be separated from the 2H host by 
partial dislocations [5-9].  A 3R structure is often regarded as a sheared form from the 2H 
structure [5, 10].  
 
 
2.  Characterizing Selected Area Electron Diffraction Patterns of Graphite 
Graphite diffraction patterns obtained using transmission electron microscopy 
(TEM) convey information about the crystal structure of graphite, i.e. the stacking 
sequence of the basal planes.  Selected area diffraction (SAD) patterns along two 
prismatic directions, <10͞10> and <͞12͞10>, were simulated for different graphite structures 
using PDF4+ software in this study.  It should be noted that only the planes that are 
parallel to the electron beam and satisfy the constructive interference requirements will 
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produce reflections on the diffraction patterns.  The atom arrangements in the 2H 
structure and the 3R structure are the same when viewed along the <10͞10> directions 
(see Fig. 1(e) and (f)), assuming the same a and c0 values for the 2H structure and the 3R 
structures).  Therefore, the simulated selected area diffraction patterns along the <10͞10> 
directions are the same for two structures, as shown in Fig. 2(a) and (b).  However, the 
 
  
(a)                                             (b) 
Fig. 2.  Simulated SAD patterns along the <10͞10> zone axes are the same for a AB-
hexagonal (2H) graphite (a) and a ABC-rhombohedral(3R) graphite (b). 
 
atom arrangements viewed along the <͞12͞10> direction are different for a 2H graphite and 
a 3R graphite (see Fig. 1(c) and (d)), thus the simulated SAD patterns are different for a 
2H graphite and a 3R graphite along their <͞12͞10> zone axes, as in Fig.3 (a) and (b).  The 
SAD patterns along the <͞12͞10> zone axes show different diffraction reflections for the 
2H graphite and the 3R graphite, resulted from different prismatic planes satisfying the 
constructive interference requirements.  There are more variants for the <10͞1l > (l= 
integer) prismatic planes in a 2H structure that can meet the requirements of the 
constructive interference than that in a 3R structure, thus more numerous <10͞1l > 
diffracted reflections were observed on the <͞12͞10> SAD pattern for a 2H structure.  Fig. 
4(a) and (b) schematically illustrate several <10͞1l > prismatic planes that give rise to the 
<10͞1l > reflections in the 2H graphite and in the 3R graphite, respectively.  Not only 




(a)                                              (b) 
Fig. 3.  Simulated SAD patterns along the <͞12͞10> zone axes for a 2H graphite (a) and a 
3R graphite (b).  Angle α is 90 degrees for the AB-hexagonal structure and approximately 




(a)                                             (b) 
Fig. 4. Schematics of the <10͞1l > prismatic planes corresponding to the <10͞1l > 
reflections on the <͞12͞10> SAD patterns for a AB-hexagonal graphite (a) and a ABC-
rhombohedral graphite (b).  (a) and (b) are viewed along the <12͞10> directions 
 
a 2H structure, but the arrangements of prismatic reflections (compare Fig. 3(a) to (b)) on 
different <͞12͞10> SAD patterns were different for the two structures.  An angle alpha (α) 
is defined in this study to differentiate the prismatic reflection arrangements.  Angle α (in 
the reciprocal space, not in a real space) is formed by connecting the 10͞1͞1, ͞101͞1, 
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and ͞1014 reflections on the 2H <͞12͞10> SAD pattern, as demonstrated in Fig. 3(a).  Angle 
α for a 3R <͞12͞10> SAD pattern is formed by connecting the 10͞1͞1, ͞101͞2, and ͞1014 
reflections, as given in Fig. 3(b).  This angle is 90 degrees on the 2H <͞12͞10> SAD 
pattern, and ~84 degrees (varies depending on the a/c ratio of the structure) on the 3R 
<͞12͞10> SAD pattern. 
 
 
3.  TEM Specimen Preparations 
The TEM specimens (80-100 nm thick) were cut and thinned using focused ion 
beam with a Helios Nanolab 600 FIB (focused ion beam) system.  Graphite nodules 
observed in ductile irons are not perfectly spherical, especially for the nodules at early 
growth stages.  Statistical measurements on the aspect ratio (long axis vs. short axis ratio) 
of graphite nodules formed during early growth stages indicated that these graphite 
nodules tended to be prolate in shape [11].  Anisotropic carbon activity surrounding a 
spheroidal graphite particle may account for the anisotropic growth of small graphite 
nodules formed during early growth stages [11].  The long axis of a spheroidal graphite 
particle was used as the diameter of a particle in this study.   
A thin foil TEM specimen was prepared from a spheroidal graphite particle (see 
Fig. 5(a)) of approximately three-micron diameter from a tubular sample (refer to the Part 
I [12] of this study).  This graphite nodule was retained at its early growth stages and it 
was in contact with liquid phase (transformed to the white iron/carbide structure upon 
quenching).  Similarly, another thin foil TEM specimen was prepared from a spheroidal 
graphite particle (see Fig. 5(c)) of approximately 30 μm diameter from Heat B.  This 
graphite nodule was completely surrounded by austenite phase (which transformed to 
lamellar pearlite structure upon quenching).  Fig. 5(b) and Fig. 5(d) show the positions 
for taking the TEM specimens relative to the spheroidal graphite particles.  The thin 
specimens were cut free from the matrix, and transferred and attached onto the copper 
grids, and they were further thinned down to the target thickness using the FIB.  The 
TEM examinations were conducted using a TECNAI F20 TEM system.  The acceleration 





(a)                                             (b) 
  
 (c)                                             (d) 
Fig. 5.  (a) Secondary electron image of a three-micron diameter spheroidal graphite 
particle from Heat A.  (b) A thin section was machined from (a) using the focused ion 
beam.  (c) Secondary electron image of a 30 μm diameter spheroidal graphite particle 
from Heat B.  (d) A thin section was machined from (c) using the FIB 
 
 
4.  TEM Results  
4.1.  Graphite structures at early growth stages 
Fig. 6(a) is a bright field TEM image of the specimen prepared from the graphite 
particle retained at its early growth stages in tubular sample.  A selected area diffraction 
(SAD) pattern obtained from the highlighted area in Fig. 6(a) is given in Fig. 6(b).  The 
aperture size chosen for the SAD pattern was 150 nm in diameter.  The SAD pattern in 
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Fig. 6(b) was along the <͞12͞10> zone axes according to the previous analyses.  It can be 
seen that multiple sets of diffraction patterns overlaid in Fig. 6(b), with their basal plane 
tilted at small angles (the largest angle was less than nine degrees) from each other, i.e., 
the normal of the basal plane gradually changed for about nine degrees in the selected 
area.  Overlay of multiple sets SAD patterns orientated at small angles were observed 
throughout this graphite particle, indicating that the basal plane orientations continuously 
and gradually changed in the graphite formed during the early growth stages.  However, 
the crystal structure was difficult to be identified from these overlaid SAD patterns. 
 
  
(a)                                             (b) 
Fig. 6.  Bright field image of the specimen prepared from a spheroidal graphite particle of 
three-micron diameter in tubular sample.  (b) An SAD pattern obtained from the area 
highlighted by the red dotted circle in (a).  Gradually changed basal plane directions led 
to multiple sets of diffraction patterns tilted at small angle from each other 
 
A high resolution image of the graphite lattice close to the center of the spheroidal 
graphite particle in Fig. 6(a) is given in Fig. 7.  The layered basal planes are evident in 
the high resolution image.  It was observed that the basal planes are curved and their 
directions change gradually to accommodate the curvature in the spheroidal graphite 
particle.  The basal planes next to the center of the particle are neither perfectly parallel 




Fig. 7.  High resolution image of the graphite lattice near the center of the spheroidal 
graphite particle at position “1” in Fig. 6(a).  Curved basal planes accommodate the 
curvature of the spheroidal graphite particle 
 
   
(a)      (b) 
Fig. 8.  High resolution images of the graphite lattice near the center (a) of the graphite 
particle at position “2”, and near the surface (b) of the graphite particle at position “3” in 
Fig. 6(a).  Defects are indicated by the red arrows 
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(see Fig. 8(a)) and at the surface (see Fig. 8(b)) of the particle.  The defects are indicated 
by the red arrows in Fig. 8.     
Attempts on collecting the convergent beam electron diffraction (CBED) patterns 
from small-sized spots in the TEM specimen were made, but the quality of the CBED 
pattern was not sufficient for structure characterization.  This might be caused by the 
distortion/curvature in the graphite lattice or by the high density of defects in the graphite 
lattice, which merits higher resolution studies. 
 
4.2.  Graphite structures at intermediate growth stages 
Fig. 9(a) is a bright field TEM image of the specimen from spherical sample, and 
the graphite nodule was retained at its intermediate growth stages.  Fig. 9(b) is a higher 
magnification image of the specimen at the particle surface (highlighted by the yellow 
box in Fig. 9(a)).  Columns of crystals separated by radially oriented grain boundaries 
(examples are highlighted by the red dashed lines in Fig. 9(a)) were observed in the 
periphery of this graphite nodule.  They were called columnar substructures in this study.  
The columnar substructures outlined many radially oriented fan-like areas in the outside 
area of a graphite nodule.  No evident columnar substructures were observed near the 
center (formed during early growth stages) of the graphite particle given in Fig. 9.  The 
columnar substructure was neither found in the graphite particle retained at early growth 
stages in tubular sample.  This indicated that the graphite structures might change 
between its early growth stages and its intermediate growth stages. 
Each columnar substructure was found to consists of many crystallites/grains (see 
the highlighted area for an example), as the straight blocks at different gray scale contrast 
in the dark field image in Fig. 10.  The peripheral grains were radially stacked in a 
columnar substructure.  The peripheral grains (along the radial direction of the particle) in 
the same columnar substructure have parallel c-axes, based on their SAD patterns, as in 
Fig. 11.  However, their crystallographic orientations are different from one peripheral 
grain to the next peripheral grain based on the changes of the SAD patterns.  The fact that 
the peripheral grains have parallel -c- direction but different orientations implies that 
there may be c-axis rotation faults/twist boundaries between the adjacent peripheral 




(a)                                 (b) 
Fig. 9.  Bright field TEM images of the specimen from spherical sample, with a 




Fig. 10.  Dark field image of the graphite particle from spherical sample.  Each columnar 
substructure is made of many parallel peripheral grains.  An example for a peripheral 
grain is highlighted by the red box 
 
Fig. 12 is a high resolution image of the graphite in a peripheral grain at the 
surface of the particle.  Defects are indicated by the red arrows in Fig. 12.  The basal 
planes appear to be less curved in a peripheral grain than that in the graphite formed 
during the early growth stages.  Moreover, an SAD pattern obtained in a peripheral grain 
(which was formed during intermediate growth stages) showed a single c-axis direction, 




Fig. 11.  SAD patterns (insets) collected in the peripheral grains in a single columnar 
substructure.  The c-axes of these peripheral grains are parallel 
 
 
Fig. 12.  High resolution image of the graphite in a peripheral grain at the surface of the 
spheroidal graphite particle in Fig. 9(a) 
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particle in spherical sample, or from the graphite particle in tubular sample (both were 
formed during early growth stages).  Several SAD patterns collected from one peripheral 
grain (obtained in the highlighted areas) are shown in Fig. 13.  It is found that the 
crystallographic orientation of the graphite is approximately unchanged through the 
studied areas in Fig. 13.   
 
 
Fig. 13.  SAD patterns (insets) obtained in a peripheral grain from the highlighted area.  
The crystallographic orientation did not change across the studied grain.  The crystal 
structures were determined based on the angle α on the SAD patterns.  Mixture of 2H 
structure and 3R structure were observed 
 
Sharp transitions of the basal plane directions were observed across a boundary 
between the columnar substructures, in contrast to the continuous or gradual transitions 
of the basal plane directions in the graphite formed at early growth stages.  A high 
resolution TEM image of a boundary between two columnar substructures is shown in 
Fig. 14, which is a basal plane tilt boundary.  The basal planes are tilted for an angle at a 
basal plane tilt boundary, which creates a curvature in a graphite particle.  Examples of 
the SAD patterns obtained at another tilt boundary (highlighted by the red dashed circles) 
are shown in Fig. 15, with the diffraction patterns from both peripheral grains across the 
boundary showing up.  The zone axes for these diffraction patterns are along the <͞12͞10> 
directions.  It was found that the basal planes tilted about the <͞12͞10> axis by 
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approximately 17 degrees across the boundary.  The same 17-degree tilt angles were also 
measured for several other pairs of adjacent peripheral grains across a boundary, as 
shown in Fig. 9(b).       
 
 
Fig. 14.  Tilted basal planes across a boundary between two columnar substructures 
 
4.3.  2H structure and 3R structure arrangements 
SAD patterns along the <͞12͞10> zone axes are different for the 2H graphite and 
the 3R graphite, on the basis of which the crystal structure for graphite can be identified. 
It has been mentioned earlier in this paper that the angle α measured on a 2H <͞12͞10> 
SAD pattern equals 90
o
 and it is approximately 84
o on a 3R <͞12͞10> SAD pattern. 
Considering the errors in measurement, a structure with the α angle smaller than 85o was 
regarded as a 3R structure; a structure with the α in the range of 85o-89o was treated as a 
transition structure which was in between the 2H structure and the 3R structure; a 




Fig. 15.  Basal plane tilt angle between two peripheral grains from the adjacent columnar 
substructures were determined to be 17 degrees about the <͞12͞10> axis, based on the SAD 
patterns from the highlighted areas (insets).  The crystal structures were determined based 
on the angle α on the SAD patterns 
 
The crystal structures determined based on the angle α on the SAD patterns are 
given on the SAD patterns in Fig. 13 and Fig. 15.  Diffraction patterns for the 2H 
structure and the 3R structure were both found in the studied graphite particle.  Overlaid 
diffraction patterns corresponding to the 2H structure and the 3R structure were 
differentiated in Fig. 13, and the c-axes of the two structures were exactly parallel.  This 
means that the crystal structures inside a peripheral grain include both the 2H structure 
and the 3R structure, and the two structures share the same c-axis direction.  The region 
with only the 2H structure or only the 3R structure was not separable or recognizable 
using the SAD aperture (150 nm diameter), indicating that the size of the area with only 
the 2H structure or the 3R structure inside a grain is smaller than the SAD aperture size.  
Attempts were made by collecting the CBED (convergent beam electron diffraction) 
patterns from small-sized spots in the specimen but the quality of the CBED pattern was 
not sufficient for structure characterization.  The SAD patterns in Fig. 15 were collected 
at a boundary where apparent basal plane tilt was observed.  The c-axes for the two 
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grains were tilted from each other by ~17 degrees about the <͞12͞10> axes.  Moreover, the 
crystal structure changed from a 2H structure (in the top grain) to a 3R structure (in the 
bottom grain) across the boundary, as given in Fig. 15.  The structure changed to a 
mixture of the 2H structure and the 3R structure again at increasing distance into the 
grain from the boundary.  
 
 
5. Discussions   
5.1.  Models of Structure and Curvature Accommodations for Spheroidal Graphite  
The structure of spheroidal graphite varied depending on its growth stage, 
implying growth mechanism transition between growth stages.   
During the early growth stages of a graphite nodule (after nucleation) when it was 
in contact with liquid, graphite growth occurred by wrapping up curved graphene layers 
circumferentially in a nodule.  Graphite basal planes continuously and gradually changed 
their orientation during the early growth stages, which formed a nodular shaped particle. 
Carbon atoms accreted onto prismatic sites, which could be discerned by the growth steps 
on the surface of a nodule [12].  Multiple growth steps moved along the nodule surface 
simultaneously [12].  Therefore, the early growth of a graphite nodule followed a 
circumferential growth model [13].  Moreover, circumferential growth led to a particle 
surface without distinct substructure, thus the graphite nodules at early growth stages had 
smoother surfaces [12].  
During the intermediate growth stages when a graphite nodule grew inside the 
solid austenite shell, graphite growth continued by growing substructures.  Still, multiple 
growth steps proceeded along their prismatic directions, but growth of steps stopped at 
the gas-like defect between the conical substructures [12].  Tilt boundaries divided a 
conical substructure as multiple columnar substructures.  Graphite lattice frequently 
changed its orientation with the radial tilt boundaries in order to fit the curvature of the 
nodule.  Occurrence of columnar substructures might indicate that the graphite growth 
followed a cone-helix growth mechanism [14].  In this case, mismatch between the 
independently growing helix-cones were not always able to be accommodated by tilt 
boundaries, especially in the larger-sized graphite nodules.  As a result, gap-like defect 
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occurred between two growth fronts due to large mismatch.  Peripherally stacked c-axis 
rotation faults produced extra growth steps for carbon accretion which allowed faster 
graphite growth.  Furthermore, c-axis rotation faults could decrease graphite lattice 
mismatches when growth steps stacked on each other in a nodule.  The graphite basal 
planes appeared to be straight and planar in the region formed during intermediate growth 
stages of a nodule, where the curvature of the particle was smaller.  
 
5.2.  2H structure and 3R structure in spheroidal graphite 
Mixture of 2H structure and 3R structure present in the spheroidal graphite 
particles studied, and the two structures share the common c-axis direction within a 
peripheral grain.  Size of the area with only the 2H structure or the 3R structure inside a 
grain is too small to be differentiated by either SAD or CBED.  It should be noted that 
Miao et al observed platelet features (few microns size) with the 3R structure in a 
graphite nodule from ductile iron, and interplatelet features with 2H structures were 
observed in between the platelets [15-16].  However, this was not observed in the present 
study: alternating platelets and interplatelets did not present in any of the specimen.  
Moreover, the orientations of the 2H structures in this study were found to be well-
defined, in contrast to the random orientations of the 2H structures in Miao’s study [15-
16].  
A perfect 2H structure with the basal planes stacked in an ABAB… manner could 
not change to a 3R structure (of ABCABC… stacking sequence) without defects.  
Defects like dislocations are required to achieve the 2H-3R structure transitions.  
Perfectly parallel basal planes can only form straight crystallites/grains.  In order 
to create a spherical shaped graphite particle from the straight grains, defects need to be 
introduced to the graphite lattice.  According to the observations in this study, tilt 
boundaries between adjacent graphite grains (along peripheral direction) bent the graphite 
lattice, and twist boundaries between adjacent graphite grains (along radial direction) 
accommodated the mismatches when stacking the peripheral grains to form a spherical 
shaped particle.  
Based on the discussions in this section, the structure transition between a 2H 
structure and a 3R structure seems to contribute to the curvature accommodation in a 
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spheroidal graphite particle.  It is also possible that mixture of 2H structure and 3R 
structure was produced by bending or twisting the basal planes during curvature 
accommodation.  In the following sections, several possible defects that can either change 
the crystal structure of graphite or tilt/bend the graphite lattice will be discussed. 
 
5.3.  Dislocations and partial dislocations in graphite 
Dislocations in the graphite have been studied in considerable detail.  A 
dislocation with its dislocation line and Burger’s vector lying in the basal planes is called 
a basal plane dislocation.  A basal plane dislocation is the most prevalently observed 
dislocation in natural graphite and synthetic graphite [17].  A total basal dislocation in 
graphite has a Burger’s vector equal to 
1
3
a<1͞210> [17-18].  Fig. 16 schematically 
illustrates a total dislocation which lies in the basal plane (dislocation line along the 
[10͞10] direction), with a Burger’s vector equal to 
1
3
a[1͞210]. The lattice is found to be 
distorted/ bowed due to this dislocation.  Introducing a total dislocation to the graphite 
lattice can be simplified as inserting two extra planes of atoms (highlighted by the dashed 
rectangular box in Fig. 16) into the graphite lattice above the undeformed lattice.  If a 
successive series of dislocations are stacked along the -c- direction to form a dislocation 
wall, a tilt boundary which bends the graphite lattice is established. 
There is a type of dislocation that can not only bend the basal plane, but also 
change the stacking sequence of the basal planes: partial dislocations, which are 
dissociated from the perfect/total dislocations.  
A total dislocation with a Burgers vector equal to 
1
3
a[2͞1͞10] evolves inserting two 
extra atom planes (equivalent to one hexagon width) in the graphite lattice.  A total 
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The partial dislocation with Burgers vector  
1
3
a[10͞10] was assigned as Partial 1, 
(𝑃1 ⃗⃗⃗⃗  ⃗), and the partial with Burgers vector 
1
3
a [1͞100] was assigned as Partial 2, (𝑃2 ⃗⃗⃗⃗  ⃗), in this 
discussion.  This dissociation allows the system to possess a lower energy.  Each of the 
partial dislocation is equivalent to inserting an extra half hexagon width (one atom plane) 
into the lattice.  The dissociated partials can be separated by a shear stress along the 
<10͞10> directions [19].  A tilt boundary made of total dislocations can be split into two 
tilt boundaries made of partial dislocations [19-20]. 
 
 
Fig. 16.  Schematic for the graphite lattice with a total dislocation of ?⃗? =
1
3
a [1͞210].  The 
lattice next to this dislocation is distorted 
 
5.4.  2H/3R structure transition 
5.4.1.  2H/3R structure transition by partial dislocations 
As mentioned earlier in this paper, the A, B and C positions in the graphite lattice 
are linked by a translation vector equal to 
1
3
a<10͞10>, which is equivalent to a partial 
dislocation, as illustrated in Fig. 17 and Table 1.  It can be seen that a partial dislocation 
can change the stacking sequence of the basal plane but a total dislocation cannot, i.e, the 
stacking sequence of basal planes can be changed by introducing the partial dislocations.  
Table 1 summarizes the resulting stacking sequence when a lattice is reacted with either a 




Fig. 17.  Partial dislocations (𝑃1⃗⃗  ⃗, 𝑃2⃗⃗⃗⃗  and 𝑃3⃗⃗⃗⃗ ) and total dislocations ((𝑇1⃗⃗  ⃗, 𝑇2⃗⃗  ⃗ and 𝑇3⃗⃗  ⃗) in 
graphite.  A total dislocation is made of two partial dislocations: 𝑇1⃗⃗  ⃗= 𝑎1⃗⃗⃗⃗  = 𝑃1⃗⃗  ⃗+ 𝑃2⃗⃗⃗⃗ , and 
𝑇2⃗⃗  ⃗= 𝑎2⃗⃗⃗⃗  = 𝑃3⃗⃗⃗⃗ - 𝑃2⃗⃗⃗⃗ , and 𝑇3⃗⃗  ⃗= 𝑎3⃗⃗⃗⃗  =  -𝑃1⃗⃗  ⃗-𝑃3⃗⃗⃗⃗ .  The angle between 𝑃1⃗⃗  ⃗and 𝑃2⃗⃗⃗⃗ , and between 𝑃1⃗⃗  ⃗and 
𝑃3⃗⃗⃗⃗ , are both 60 degrees 
 
Table 1.  Examples of changing stacking sequences by introducing partial dislocations to 
the graphite lattice. A total dislocation does not change the stacking sequence 
Introduced Dislocation 𝑃1⃗⃗  ⃗ 𝑃2⃗⃗⃗⃗  𝑇1⃗⃗  ⃗/ 𝑇2⃗⃗  ⃗/ 𝑇3⃗⃗  ⃗ 










It can be noticed from Table 1 that the partial dislocations are required to 
incorporate the C layers in an ABAB… hexagonal structure, if the ABAB… structure 
needs to be changed to an ABCABC… rhombohedral structure.  If a series of partial 















8… (each plane was given 
a number to keep track of different planes) sequence, the resulted stacking sequence 
would be different accordingly to the orders of the partial dislocations.  It should be noted 
that AA, or BB, or CC stacking sequence in the adjacent planes is forbidden, because of 
its high energy.  When starting with introducing a 𝑃1⃗⃗  ⃗ to the 1st layer, the sequence 
changed to CACACACA… (every layer following the 1st layer was also affected), and a 
sequence of CCBCBCBC… was produced if a second 𝑃1⃗⃗  ⃗ was then introduced to the 2nd 
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layer.  However, this CC stacking was forbidden thus two 𝑃1⃗⃗  ⃗ in the adjacent basal planes 
should be avoided.  Instead, alternating 𝑃1⃗⃗  ⃗ and 𝑃2⃗⃗⃗⃗  in the adjacent basal planes, or 
alternating 𝑃1⃗⃗  ⃗ and total dislocation (or without any dislocation) in adjacent basal planes, 
would not produce AA, or BB, or CC stacking.  For example, (1) if a 𝑃2⃗⃗⃗⃗  was added in the 
2nd layer after a 𝑃1⃗⃗  ⃗ was added to the 1st layer, and the sequence became CBABABAB…; 
(2) if a total dislocation was introduced in the 2nd layer after a 𝑃1⃗⃗  ⃗ was added to the 1st 
layer, the sequence just kept as CACACACA….  Following the same type of analysis, 
(1) a final stacking sequence of CBCBCBCB… was produced by introducing alternating 
𝑃1⃗⃗  ⃗ and 𝑃2⃗⃗⃗⃗  in the basal planes; (2) a final stacking sequence of CABCABCA… was 
produced by adding 𝑃1⃗⃗  ⃗ in alternating basal planes, or by adding alternating 𝑃1⃗⃗  ⃗ and total 
dislocation in the basal planes.  In the case of CBCBCBCB…, it was still a hexagonal 
structure, and no rhombohedral structure was created.  In the other case, continuous 
rhombohedral structure was created by introducing the same partial dislocations to 
alternating basal planes, or by introducing alternating partial dislocation and total 
dislocation in the basal planes.  It should be noted that introducing a series of dislocations 
to the basal planes would distort the graphite lattice, in the way of forming a tilt 
boundary.  This will be further discussed in the following sections. 
 
 
5.4.2.  2H/3R structure transition by prismatic loops 
Except for certain series of partial dislocations stacked along the -c- direction, 
stacking faults (e.g., interstitial loop and vacancy loop) are also possible to change the 
stacking sequence in graphite [6-9, 17, 21].  Transition of basal plane stacking sequence 
at a boundary has been experimentally observed in a bi-layer graphene material, and the 
associated defect was a stacking fault [10].  A prismatic loop is one type of stacking fault.  
The prismatic loops have been observed in natural and synthetic graphite [21].  Literature 
mentioned that the partial dislocations enclosed a faulted region of rhombohedral (3R) 
structure in a hexagonal (2H) parent lattice [17, 21], where visible dissociated ribbons 
(dislocation loops) were present in the graphite lattice [6, 21].  
A prismatic loop can be simplified as insertion (interstitial) or removal (vacancy) 
of a circular or a hexagonal piece of basal plane into/from the graphite lattice.  Fig. 18 is 
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a schematic for the cross section of an interstitial prismatic loop [21].  The ABC/ACB 
stacking sequence was created by inserting an extra plane at a C-position (a partial 
dislocation is incorporated) into the ABAB… lattice.  All basal planes above this extra 
plane were also sheared following the same partial dislocation in order to lower the 
energy, as in Fig. 18.  A prismatic loop is a non-basal plane dislocation, because the 
Burger’s vector for a prismatic loop is not in the basal plane.  The Burger’s vector for a 
prismatic loop consists of two components: one component along the c-axis, and the 
other one in the basal plane and equals a partial dislocation.  A prismatic loop is sessile, 
compared with a basal plane partial dislocation which is glissile [20].  Defects where 
extra basal planes are inserted in the graphite lattice are frequently observed in the studies 
specimen, as in Fig. 19, which may be the prismatic loops. 
 
 
Fig. 18.  Schematics for an interstitial prismatic loop in the graphite lattice.  “R” standard 
for prismatic loop stacking fault [21] 
 
No significant basal plane tilt is involved near a prismatic loop thus a prismatic 
loop is unlikely as a possibility to introduce the curvature to the graphite lattice.  
However, a prismatic loop does change the stacking sequence of graphite lattice, which 
may offer an explanation for the observations in Fig. 13, where the c-axes of the 2H 
structure and the 3R structure were parallel.  It should be noted that a low stacking fault 
energy is needed to ensure the occurrence of a prismatic loop in graphite.  In this case, 
areas of rhombohedral structure could form in the hexagonal structure.  The calculated 
stacking fault energy for graphite was small (0.5-0.7 erg/cm
2
) thus a prismatic loop has a 
high probability to occur in graphite [17, 20].  The separation distance between the two 
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boundaries of a faulted region was determined to be ~80 nm in the natural graphite [6]. 
Such a small distance is even smaller than the smallest SAD aperture size (150 nm) on 
the TEM used in this study.  The observation of 2H and 3R mixture in a graphite grain 
may result from the small-sized faulted areas and a high density of prismatic loops in the 
spheroidal graphite particle.  
 
 
Fig. 19.  Stacking faults in the graphite lattice, indicated by the arrows in the high 
resolution image 
 
5.4.3.  2H/3H structure transition by c-axis rotation faults 
 A c-axis rotation fault in graphite can be simplified as rotating a second graphene 
layer relative to the first graphene layer for certain angles.  Fig. 20 is a schematic of the c-
axis rotation fault in graphite [22-25].  Many rotation angles in graphite have been 
reported:  5.1°, 7.3°, 13.1°, 16.4°, 21.8°, and 27.8° [22-27].  The occurrence of c-axis 
rotation faults have been verified in the flake graphite particles in nickel alloy [22-25] 
and cast irons [26].   
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Many papers have claimed that the c-axis rotation faults were able to change the 
stacking sequence of the graphene layers [25-27].  Moreover, stacking faults created 
more steps required for growth of crystal faces.  As a result, kinetics of carbon 
accretion/graphite growth was promoted [29-30].  A stacking fault which gives maximum 
number of coincidence sites between the graphene layers should be more favorable [27, 
31].  Campanera, Savini, Suarez-Martinez and Heggie [25] demonstrated that a ~9.3 
degrees rotation fault between the graphene layers led to variant local stacking sequences, 
as illustrated in Fig. 21.  These variant local stacking sequences due to c-axis rotation 
faults also explain the occurrence of 2H and 3R mixture in the graphite specimen studied.  
Moreover, separation of 2H zone and 3R zone is not possible using a 150 nm diameter 
selected area aperture, because the dimension of either 2H zone or 3R zone is much 
smaller than 150 nmg.  
 
 
Fig. 20.  Schematics for several possible c-axis rotation faults in graphite. 
Reconstructured after Reference [22] 
 
5.4.4.  2H/3H structure transition by heterocyclic defects  
 Occurrence of heterocyclic defects such as pentagon ring in the hexagonal lattice 
was proposed in flake graphite, due to sulfur and oxygen atoms [Double24].  Carbon 
itself can form pentagon ring and heptagon ring [Long and border32-33], which have 
been extensively reported in fullerene and carbon nanotube.  A pentagon/heptagon ring 
distorted the adjacent hexagonal lattice, as illustrated in Fig. 22 (a-b).  In another word, 
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local disclination of hexagonal lattice was introduced near this defect, leading to variant 
local stacking sequences.  Therefore, 2H/3R structure transition is possible near a 
heterocyclic defect.  
 
 
Fig. 21.  c-axis rotation faults induced different local stacking sequence changes in 
graphite lattice. The rotation angle between the graphene layers is ~9.3 degree [25] 
 
The heterocyclic defects are also important regarding introducing curvature to 
graphene [33].  A pair of pentagon and heptagon rings is known as a 5-7 defect (one type 
of topological defect), which can introduce local or global curvature to graphite lattice 
[32].  Disclination grain boundary formed when periodic pairs of pentagon and heptagon 
defects (known as 5-7 defects) lined up in a basal plane.  Various twist angles between 
the lattices across a topological boundary are possible depending on the periodicity of the 
5-7 defects [32].  Disclination for ~21 degrees due to periodic 5-7 defects is demonstrated 
in Fig 22 (c) [33].  These defects are possible in a graphite nodule from ductile iron, 




(a)      (b) 
 
(c) 
Fig. 22.  (a) A carbon pentagon defect and (b) a carbon heptagon defect in graphite. The 
orientations of graphite lattice near the defects were modified.  (c) is a disclination grain 
boundary with ~21 degrees twist angle due to periodic 5-7 defects.  Reprinted with 
permission from [33].   
 
5.5.  Curvature accommodation by tilt boundaries and twining boundaries  
In theory, a series of dislocations with varying Burgers vectors are able to tilt the 
basal planes at varying angles, as long as the atomic arrangements on both sides of the 
boundary do not violate the stacking sequences required for the basal planes.  A twinning 
boundary is a special tilt boundary that can tilt the graphite lattice at a certain angle.  The 
twining boundaries in graphite usually appear in pairs, and they are mobile, but their tilt 
angles are fixed [18-19].  Baker, Gillin and Kelly have made a brief summary of the 
possible twinning boundaries in graphite [19].  In the following part, models for various 
twining boundaries will be reconstructed and reevaluated.  
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Fig. 23 schematically illustrates a possible twinning configuration in a 2H 
graphite lattice:  the basal planes are tilted for 40
o
18’ (2*tan-1(a/2c0) about the <01͞10> 
axis, with a (2͞1͞1͞2) habit plane.  The dislocation line is along the <01͞10> direction and 
the burgers vector equals 
1
3
a <2͞1͞10> (twice that of a total dislocation).  This is equivalent 
to successively inserting one extra hexagon width in every basal plane.  Similarly, a 
40
o18’ tilt angle was obtained in the rhombohedral graphite when one extra hexagon 




 across the twin 
boundaries were shown in the literature [16, 34].  A twin boundary with an approximately 
40-degree tilt angle was shown but not analyzed in Monchoux’s work [34].  Geometric 
construction in Fig. 23 offers a model for their observations.   
 
 
Fig. 23.  A twining boundary with a (2͞1͞1͞2) habit plane tilts the basal plane for 40o18’ 
around <01͞10> axis.  ○: in plane of drawing; □: a√3/6 in front of plane of drawing; △: 
a√3/6 behind plane of drawing. 
 
Fig. 24 is a geometric construction for another twinning boundary in a 2H lattice, 
when one extra hexagon width is inserted in alternating basal plane, after the model by 
Freise and Kelly [17-19, 35].  This twinning boundary has a (2͞1͞1͞1) habit plane.  The tilt 
angle is 20
o48’ (2*tan tan-1(a/4c0)) around the <01͞10> axis.  The most energetically 
favorable model for a twinning boundary of 20
o48’ tilt angle is to have alternating partial 
  
121 
dislocations at 60 degrees (e.g., 𝑃1⃗⃗  ⃗ and 𝑃2⃗⃗⃗⃗ ) in successive basal plane, as shown in Fig. 24 
[17-18].  This twinning boundary is the most commonly reported one in the natural 
graphite and the synthetic graphite [16, 19,].  It should be pointed out that this tilt 
boundary proposed by Freise and Kelly [17] was not strictly a twining boundary, since 
the lattices on two sides of the boundary were not mirrored.   
 
 
Fig. 24.  A twining boundary with a (2͞1͞1͞1) habit plane and a 20o48’ tilt angle about 
the<01͞10> axis is composed of successively alternating partial dislocation in every basal 
plane, constructed after Freise and Kelly [18].  ○: in plane of drawing; □: a√3/6 in front 
of plane of drawing; △: a√3/6 behind plane of drawing;     : a√3/6 behind the plane of 
drawing 
 
Thomas [36] reported a twinning boundary of 23
o54’tilt about the <11͞20> axis.  
Baker, Gillin and Kelly [19] proposed a schematic model for this 23
o54’ twinning 
boundary in a 2H graphite, which was composed of one partial dislocation in each basal 
plane.  Their derivations showed that this twinning boundary was not stable because of 
the resulting CCBBAA sequence in the twinned structure.  However, the final stacking 
sequence for the twinned structure in their model was wrong because they did not 
consider the stacking sequence change caused by the tilt angle besides by the partial 
dislocations.  Models for this tilt boundary were constructed by the authors, as shown in 
Fig. 25.  Fig. 25(a) is a geometric construction of the twinning boundary separating two 
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2H lattices, with a 23
o54’ (2* tan-1(a/(√3c0)) tilt angle about the <11͞20> axis. The habit 
plane is (͞330͞2) and the burgers vector is 
1
3
a <͞1100> (perpendicular to the dislocation 
line).  This twining configuration is equivalent to introducing the same partial dislocation 
in each basal plane.  Moreover, a twinning boundary of 23
o54’tilt angle about the <11͞20> 
axis is also possible between two 3R structures, as shown in Fig. 25(b). The habit plane 
became (͞110͞1) between the 3R structures.  
As discussed earlier, a series of partial dislocations stacked along the c-direction 
are not only able to change the stacking sequence, but also able to introduce a curvature 
to the graphite lattice.  Fig. 26 is a geometric construction of the graphite lattice with the 
same partial dislocations in alternating basal planes.  Assuming that the boundary on the 
left is made of 𝑃1⃗⃗  ⃗  in alternating basal planes and the boundary on the right is made of 𝑃2⃗⃗⃗⃗  
in alternating basal planes, two equal tilt angles about the <01͞10> axes are produced at 
the two boundaries.  A tilt angle of 10
o24’ (tan-1 (a/4c0)) about the <01͞10> axis is shown 
at the tilt boundary on the left in Fig. 26.  Moreover, the left tilt boundary separated a 
region of 2H structure and a region of 3R structure.  Similarly, the 3R structure is 
separated from the 2H structure by the other 10
o24’ tilt boundary on the right side in Fig. 
25.  These two boundaries were actually dissociated from a twinning boundary as shown 
in Fig. 24.  A tilt boundary as in Fig. 26 was treated as a twinning boundary in the 
literature even though the lattices on both sides of the boundary were not exactly 
symmetric [18-19].   It should be noted that the Burgers vector (partial dislocation) of this 




a [10͞10] and 
1
3
a [1͞100], tend to lie in their edge dislocation orientations, 
i.e., to lie along the [1210] and [2͞1͞10] directions, respectively, in order to possess the 




around the <11͞20> axis.   
Not many tilt boundaries with the <11͞20> tilt axes have been reported in the 
literature [18-19].  The 17
o tilt angles around the <11͞20> axis observed in this paper do 
not match any angle for the reported twinning configurations.  The associated boundaries 
might be just the normal type tilt boundaries (semicoherent [37]) other than the twinning 







Fig. 25.  (a) A twining boundary of 23
o54’ tilt (about the <11͞20> axis) between two 2H 
structures with a (͞330͞2) habit plane is composed of one partial dislocation, 𝑃2⃗⃗⃗⃗ , in every 
basal plane.  (b) A twining boundary of 23
o54’ tilt (about the <11͞20> axis) between two 





Fig. 26.  Partial dislocations in alternating basal planes produced a region of 3R structure 
in between the 2H structures, and two tilt angles of 10
o24’ about the <01͞10> axis were 
created.  ○: in the plane of drawing; □: a√3/6 behind the plane of drawing; △: a√3/6 
in front of the plane of drawing;      : a√3/6 behind the plane of drawing [18-19] 
 
to Minkoff [29].  There is another possibility that this tilt boundary is simply a twinning 
boundary of 20
o48’ tilt angle, but it was viewed along its <2͞1͞10> direction.  Geometric 
construction shows that a 20
o48’ tilt angle around the <10͞10> axis becomes a 17 o54’ tilt 
if it is viewed along a <2͞1͞10> axis.  This can also explain why the second set of 
diffraction pattern (from twinned grain) was dimmer than the first set of diffraction 
pattern (from the parent grain), because it was not exactly on Bragg condition.   
 
 
6.  Conclusions  
Structures of a graphite nodule in ductile iron were found to be dependent on the 
growth stages of a graphite nodule, which might result from the growth mechanism 
changes from stage to stage.  Curved graphene layers with gradual and continuous 
changes of the basal plane directions were observed in a graphite nodule retained at its 
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early growth stages, and in the area formed at the early growth stages in another graphite 
nodule.  No evident substructure was seen in the part of graphite formed during early 
growth stages.  Radially distributed columnar substructures separated by basal plane tilt 
boundary were observed at the outside part of the graphite nodule, which was formed 
during intermediate growth stages.  Sharp transitions of the basal plane orientations were 
observed across the tilt boundaries.  Each columnar substructure consisted of many 
peripheral grains, with parallel c-axis direction for all peripheral grains in a columnar 
substructure.  The peripheral grains in a columnar substructure might be separated by c-
axis rotation faults.   
The SAD patterns along the <11͞20> zone axes could be used to characterize the 
crystal structure of graphite.  The crystal structures of the graphite nodules in ductile iron 
included both the hexagonal (2H) structure and the rhombohedral (3R) structure.  The 
orientations of both structures were well-defined in the spheroidal graphite particles 
studied.  Derivations showed that 2H-3R structure transitions were achieved either by 
introducing the same partial dislocations in alternating basal plane to a 2H structure, or 
by introducing the prismatic loops in the graphite lattice.  Variant local stacking 
sequences can be created by c-axis rotation faults as well.  
Twining boundaries and tilt boundaries were able to introduce curvature to the 
graphite lattice.  Schematic models for many twinning boundaries were created.  
Identification of region with only the 2H structure or the 3R structure was not 
successful either using the SAD pattern or the CBED pattern.  This merits higher 
resolution studies in future work.  Structures of the graphite formed at late growth stages 
in a spheroidal graphite particle should be included in future studies. 
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3.  CONCLUSIONS AND FUTURE WORK 
Nucleation of graphite nodules and austenite dendrites from liquid were found to 
be independent.  Austenite would engulf a graphite nodule after contact with the nodule.  
A graphite nodule was trapped either between the austenite dendrite arms or at the tip of 
an austenite dendrite arm.  This was followed by the formation of austenite shells around 
the graphite nodules.  Multiple graphite nodules could be engulfed by a single austenite 
dendrite.  The graphite diameter at which the austenite shell around the graphite nodule 
closed was determined to be six to ten microns, based on statistical measurements.  
Solidification of graphite-austenite eutectic structure in ductile irons followed a divorced 
eutectic growth model since the growths of graphite and austenite were not coupled at the 
solid/liquid interface after the independent nucleation of graphite and austenite.  Graphite 
nodules were isolated from liquid phase by solid austenite shells around the graphite 
nodules through most of the eutectic solidification.  Size distributions of graphite nodules 
based on statistical measurements indicated multiple nucleation events.  Further analysis 
on evolutions of graphite size distribution data will be made in the future, in order to 
construct the kinetic model of graphite nodule growth during ductile iron solidifications.  
The graphite diameter (ten microns) at which an austenite shell closed around the 
graphite nodule was used to define the growth stages of graphite nodules.  Deep etching 
exposed the surface features of a graphite nodule.  The surface of a graphite nodule at 
early growth stages (in contact with liquid and without a complete austenite shell) was 
smooth, with several faceted growth steps.  These growth steps were growth fronts of 
curved graphene layers which grew circumferentially around the entire surface of a 
graphite nodule at early growth stages.  No evident substructures were observed in the 
part of graphite formed during early growth stages.  Mismatches between the growth 
steps produced gaps and these gaps divided a graphite nodule into radially oriented 
conical substructures.  Formation of conical substructures in a graphite nodule might also 
be related to segregation of impurity atoms, which merits more studies.  Conical 
substructures only appeared on the surfaces of graphite nodules with diameter larger than 
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ten microns, which were regarded to be retained at intermediate growth stages or late 
growth stages.  Growth steps continued growing in a circumferential way within each 
individual conical substructure, and the nodule size increased accordingly.  The net 
growth direction was normal to the surface of a nodule due to the circumferential growths 
of graphene layers (as growth steps).  Growth of individual conical substructures were 
independent and not equal, since some conical substructures grow longer than the others. 
Uneven dimensions of the substructures in a graphite nodule might be result from (i) the 
independent growth of growth steps in individual conical substructure or (ii) constraint 
(either diffusion or strain) from the austenite matrix related to austenite crystallography 
orientations.  The uneven growth of conical substructures in a graphite nodule could 
develop degenerate graphite morphology, such as a compacted shape.  The protuberance 
of conical structures in a graphite nodule might also be related to impurity atoms, which 
would segregate differently relative to individual conical substructure.   
Curved graphene layers with gradual and continuous changes of orientations were 
observed on the 2-D cross section of graphite nodules, in a nodule retained at early 
growth stages and in the center region (formed during early growth stages) of another 
graphite nodule retained at intermediate growth stages.  The diffraction patterns collected 
from these curved graphene layers were composed of multiple sets of overlaid diffraction 
patterns, with their c-axes misoriented from each other by small angles, due to the 
continuous changes of the basal plane orientations.  No evident substructure was 
observed in the part of graphite formed at early growth stages.  Columnar substructures 
separated by boundaries appeared in the outside region (formed during intermediate 
growth stages) of a graphite nodule at intermediate growth stages, on its 2-D cross 
section.  A columnar substructure consisted of many parallel peripheral grains.  The 
graphite basal planes were parallel and straight in a peripheral grain.  The diffraction 
patterns collected in a peripheral grain were sharp due to the orderly orientated basal 
planes.  The c-axes in peripheral grains from a single columnar substructure were 
approximately parallel.  Peripheral grains in the same columnar substructure were 
probably separated by c-axis rotation boundaries, without significant changes on their c-
axis directions.  
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In addition, a method for characterizing the crystallographic structures of graphite 
using selected area diffraction patterns was developed.  The crystallographic structures of 
the graphite nodules in ductile irons included both the hexagonal (2H) structure and the 
rhombohedral (3R) structure.  The orientations of both 2H and 3R structures were well-
defined in the studied spheroidal graphite particles, contrary to the results in the 
literature.  The 2H structure was found to be mixed with the 3R structure in the graphite 
nodule, which was also different from literature results.  Identification of separate zones 
of 2H structure and 3R structure was still a challenge using the TEM system, which 
merits future exploration.  Models were derived to explain the 2H-3R structure 
transitions, which could be achieved either by introducing the same partial dislocations in 
alternating basal planes to a 2H structure, or by introducing the prismatic loops in the 
graphite lattice.  Moreover, c-axis rotation faults could lead to variant local stacking 
sequences/variant crystal structures in the graphite lattice as well.  Basal plane tilt 
boundaries including twinning boundaries were able to introduce tilt angles to the 
graphite lattice, which was a mechanism for accommodating the curvature in graphite 
nodule.  Not many tilt boundaries have been reported with the <11͞20> tilt axes in the 
literature.  Boundaries with the basal planes tilted for 17 degrees about the <11͞20> axis 
were observed in this study, which did not match any of the tilt angles of the reported 
twinning configurations.  This tilt boundary might be simply a normal basal plane 
boundary instead of a twining boundary.  It was also possibly a twining boundary with a 
20
o48’ tilt angle about the <10͞10> axis, but it was viewed along a <11͞20> direction.  
This boundary needs further investigation.   
This study is mainly focused on the solidifications of slightly hypereutectic (close 
to eutectic) ductile irons, and investigations of eutectic and hypoeutectic ductile irons 
should be included in future work.  The structure of a graphite nodule at later growth 
stages needs further explorations.  The potential sites for non-carbon atoms relative to the 
graphite lattice remains unclear.  Investigation of the potential sites for the spheroidizing 
elements will be possible with the help from advanced novel techniques such as the 
atomic probe (ATP), which has a superior spatial resolution and it is good for 
characterizing trace elements.  However, the difficulties associated with the ATP sample 
preparation will be a challenge.  In addition, introduction of spheroidizing elements to 
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cast irons may change the graphite/matrix interfacial energy, and this might account for 
the graphite morphology transition from a flake to a spheroidal.  Computational modeling 
based on density function theory (DFT) has been applied on a morphology study for 
tungsten carbide [87] and it has been widely used to estimate the interfacial energies [88]. 
Thereafter, DFT modeling may offer a way to calculate the interfacial energies of basal 
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